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Abstract
Hot-wire chemical vapor deposition is a promising technique for deposition
of thin amorphous, polycrystalline, and epitaxial silicon films for photovoltaic
applications.  Fundamental questions remain, however, about the gas-phase and
surface-kinetic processes involved.  To this end, the nature of the wire
decomposition process has been studied in detail by use of mass spectrometry.
Atomic silicon was the predominant radical formed for wire temperatures above
1500 K, and catalysis was evident for SiH3 production with the use of a new wire.
Aged wires appear to produce radicals by a non-catalyzed route and chemical
analysis of these wires reveal large quantities of silicon at the surface, consistent
with the presence of a silicide layer.  This study is the first of its kind to correlate
radical desorption kinetics with filament aging for the hot-wire chemical vapor
deposition technique.
Threshold ionization mass spectrometry revealed large quantities of the SiH2
radical, attributed to heterogeneous pyrolysis on the walls of the reactor.  At
dilute (1%) silane pressures of up to 2 Torr, a negligible amount of ions and
silicon agglomerates (Si2, Si2H, Si2H6) were detected.  Density functional theory
calculations reveal an energetically favorable route for the reaction of Si and
SiH4, producing Si2H2 and H2.  The trace amounts of Si2H2 observed
experimentally, however, may suggest that an intermediate spin state transition
ix
involved in this reaction is slow under the hot-wire conditions used.  Monte
Carlo simulations of the hot-wire reactor suggest SiH3 is the predominant growth
species under conditions leading to amorphous and polycrystalline growth.  The
flux of atomic hydrogen, rather than the identity of the precursor, appears to be
the more important factor in governing the amorphous-to-microcrystalline
transition that occurs upon hydrogen-dilution.  Two-dimensional Monte Carlo
simulations were used to model a hot-wire reactor for the first time, showing that
filament arrays can be used to improve film growth uniformity.  Under
conditions where agglomerate formation does not occur, continuum simulations
predict a maximum growth rate of 10 nm/s for dilute (1%) silane conditions and
a rate of 50 nm/s for pure silane.
Hot-wire chemical vapor deposition was used to deposit silicon nitride films
with indices of refraction from 1.8-2.5 and hydrogen content from 9-18 atomic %.
By tuning the SiH4/NH3 flow ratio, films in which the hydrogen was
predominantly bound to N or Si could be produced, each of which reveal
different hydrogen release kinetics.  Platinum-diffused silicon samples, capped
by a hydrogenated silicon nitride layer revealed, upon annealing at 700oC,
platinum-hydrogen complexes with a bulk concentration of 1014 cm-3.  This
constitutes the first direct evidence for bulk silicon passivation by hydrogen
release from a silicon nitride layer and hydrogen complex formation.
xPhotovoltaic cells employing a hot-wire nitride layer were found to have
comparable electrical properties to those using plasma nitride layers.
Finally, a method for in situ generation of SiH4 by atomic hydrogen etching
was evaluated.  Using a cooled crystalline silicon target in an H/H2 ambient
produced negligible etching, while a cooled amorphous silicon film target was
etched at a rate of up to 14 nm/min.  In the latter case, net deposition at 0.6
nm/min onto a heated Ge(100) substrate resulted.  A method for more efficient
etching of crystalline silicon materials was proposed.
xi
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1Chapter 1 Introduction
1.1 Photovoltaics: A Renewable Energy Source
Photovoltaics (PV) are devices capable of producing electricity when exposed
to radiant energy.  Although once reserved for the research laboratory, these
devices were being considered as an alternative energy source during the oil
crisis of the mid-1970s.  The perception that fossil fuels were a limited energy
resource stimulated programs in several countries to search for alternatives, with
PV solar energy among those.1  This technology was considered appealing (from
a safety standpoint) when compared with nuclear energy, particularly after the
Three Mile Island and Chernobyl incidents.1  Recently, renewable energy has
assumed even greater importance due to concerns over CO2 emissions and
global warming.2
1.1.1 Feasibility
Although generally believed to be a “clean” technology, PV has not been
implemented on a wide scale due to the high costs associated with module
2production.  However, strides have been made in the past few decades, with
commercial prices dropping an average of 7.5% per year, while production is
increasing worldwide at an average of 18% per year.1  A commonly employed
figure-of-merit for assessing the sustainability of any renewable energy
technology is the “energy payback time,” defined as the time needed for the
device to produce the amount of energy used in its manufacture. In this regard,
PV technology is promising, as crystalline silicon modules are estimated to
achieve this break-even point in only 3 years, substantially smaller than their
projected lifetimes of about 30 years.3  Another question concerns the module
area required to produce a meaningful amount of energy.  The study by Turner2
estimates that for a 10% module efficiency (fixed, flat-plate collectors), a square
array 100 miles on a side would generate in 1 year the amount of energy used
annually in the US.  When coupled with other alternative technologies available
(wind, geothermal), the area becomes smaller, suggesting that PV technology
could fill the void created by the eventual depletion of fossil fuel reserves.
1.1.2 Thin-Film Polycrystalline Silicon
For PV technology to eventually contribute substantially to global energy
needs, the module cost reduction and production increases previously
mentioned must be maintained.  These demands are contingent, however, on the
3global supply of the raw materials used in PV manufacturing.  As a result, the
most favorable technologies are those that use small quantities of less refined
raw materials.1  Specifically, thin-film polycrystalline silicon (poly-Si) is believed
by many4,5 to be the most promising of the available PV technologies (e.g.,
crystalline silicon, amorphous silicon, cadmium telluride, copper indium
diselenide).  Thin-film poly-Si offers lower production costs than conventional
thick, high-efficiency crystalline silicon, while offering higher efficiency than
amorphous silicon (due to the inherent metastability of the latter).4  Additionally,
from a materials standpoint, silicon is the second most abundant element in the
earth’s crust, with a bandgap (in crystalline material) almost ideal for
photovoltaic conversion.4  As a demonstration of the viability of the thin-film
poly-Si approach, the Kaneka Corporation fabricated in 1998 a microcrystalline
cell of only 2 µm thickness, with an efficiency of 10.1%.6
1.1.3 Operation Principle
In the simplest sense, a PV solar cell works by absorbing incident photons
and converting them into electron-hole pairs.  The photogeneration of electron-
hole pairs depends critically upon the bandgap energy (Eg) of the semiconductor
used.  Sub-bandgap photons will not contribute to photogeneration, while those
above the bandgap contribute Eg to the electron-hole pair, with the remainder
4lost to thermalization.  Additionally, for a given spectrum of radiation, the
smaller the bandgap, the greater the utilization of the spectrum will be, but the
lower the photovoltage.  Conversely, for large bandgaps there is a higher
photovoltage, but lower short circuit current density (Jsc).7
Fortuitously, crystalline silicon has a bandgap energy (~1.1 eV) close to the
optimal for which roughly half of the incident solar energy could be converted to
electron-hole pairs.  In practice, however, there are a number of limiting factors
such as radiative recombination (limiting efficiencies to 33%) and Auger
recombination (further limiting efficiency to 29%) that make the value of 50%
unattainable.4  The latter process of Auger recombination has a high probability
of occurrence in indirect bandgap materials like silicon.  Also problematic with
crystalline silicon in particular is its relative weak absorbance of light near the
bandgap.  This disadvantage can be overcome, however, by light-trapping
structures and anti-reflection coatings.4
Once electron-hole pairs are generated, they must be separated in order to
collect current, and thus power, from the device.  Figure 1 shows a
representative n-p-p+ solar cell, illustrating this process.  This structure is
preferred as the majority of carriers will be generated in the p-region (where
electrons are minority carriers), and electron mobility is higher than that of holes.
5Figure 1.  Example of a n-p-p+ solar cell.  Photons are absorbed and
generate electron-hole pairs, primarily in the p region in this case.
The internal field (E) separates the carriers, allowing current to be
collected at the ohmic contacts. Grain boundaries, present in
polycrystalline solar cells, can act as recombination centers.
The diode structure of this solar cell (n-p-p+) creates an internal electric field (E)
that sweeps electrons and holes in opposite directions.  Electrons are swept to the
n-region, where they become majority carriers, and conversely, holes are swept
to the p-region.  Material defects, such as grain boundaries or vacancies, can act
as recombination centers, reducing the overall current attainable.
EC
EV
Eg
np+ p E
anti-reflection coating
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6The current-voltage (I-V) characteristics of an idealized solar cell (no
recombination or other losses), along with the circuit equivalent are shown in
Figure 2.  Without illumination, the device behaves as a simple diode, while
under illumination, the photogenerated current (IL, or ISC when there are no
losses) is added to the circuit.  The maximum power (Pmax) that can be obtained
from the device is illustrated in Figure 2a, defined as the maximum area
rectangle bounded by the curve in the fourth quadrant of the I-V plot.  Along
with ISC and VOC, the other key parameter characterizing solar cell performance is
the fill factor (FF), defined as:  FF = Pmax/(VOC x ISC).  It should be noted that
“real” solar cells will have ohmic losses at the front surface (the equivalent of a
series resistance in the circuit of Figure 2b) and leakage currents in the bulk,
IL V
I
0.0 0.2 0.4 0.6
-100
-50
0
50
C
ur
re
nt
 (m
A)
Voltage (V)
without illumination
with illumination
maximum
powerSCI
OCV
(a) (b)
Figure 2.  (a)  Current-voltage characteristics of an ideal solar cell,
with and without illumination; VOC is the open circuit voltage, and
ISC is the short-circuit current, (b) the circuit equivalent of this
idealized solar cell; adapted from Chen.8
7associated with recombination at defect sites (the equivalent of a parallel shunt
resistance in the circuit of Figure 2b).
1.2 Hot-Wire Chemical Vapor Deposition
Hot-wire chemical vapor deposition (HWCVD) is a technique that involves
the decomposition of precursor gases (e.g., silane) on a heated filament (typically
tungsten), with the constituent radical species often reacting in the gas phase and
depositing onto a heated substrate, as depicted in Figure 3.  There are a number
of reactor variables that can ultimately impact the quality of the film obtained.
These variables include, among others, wire temperature, total pressure, gas flow
rates, and substrate temperature.  The last 15 years have shown a great deal of
Figure 3.  Schematic of the HWCVD process, illustrating the
various kinetic processes involved.
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8effort put into studying which combination of these variables will yield films of
the highest electronic quality.
1.2.1 Historical Perspective
The technique of HWCVD was introduced by Weismann et al.9 in 1979 as a
means for producing hydrogenated amorphous silicon (a-Si:H) films at high
deposition rates.  Results of Weismann et al. were not encouraging, however, due
to the inferior electronic properties of their films in comparison with those
prepared by plasma enhanced chemical vapor deposition (PECVD).  In addition,
they claimed that nitrogen incorporation (via the addition of gaseous ammonia)
was needed to improve upon these properties.  These discouraging results led to
several years of inactivity in this field until Matsumura and Tachibana10 in 1985
demonstrated high-quality hydrofluorinated amorphous silicon (a-Si:F:H) using
silicon difluoride (SiF2) and hydrogen (H2) as gas precursors.  They claimed that
the H2 reaction with the heated filament (tungsten) was catalytic in nature and
thus termed the entire process catalytic CVD (cat-CVD).  In a follow-up study in
1986,11 Matsumura was able to grow high-quality a-Si:H using deposition
conditions similar to those used in the a-Si:F:H study.  These encouraging results
renewed interest in the technique.
9High-quality a-Si was also grown by Doyle et al.12 at the University of
Colorado in 1988, using slightly different deposition conditions than those of
Matsumura.  They termed the process “evaporative surface decomposition”
(ESD) due to the highly efficient dissociation of the low-pressure feed gas and
consequent large flux of deposition radicals.  This same work was later
continued at the Solar Energy Research Institute (SERI) (now the National
Renewable Energy Laboratory – NREL) by Mahan et al.,13 where thorough
comparative studies of a-Si prepared via ESD versus PECVD were carried out.
The process termed ESD was later renamed “hot-wire assisted CVD,” largely
because of uncertainty over whether catalysis was indeed occurring on the
heated filament.  The work of the group at SERI was instrumental in
demonstrating the importance of this growth method and has led to tremendous
growth in this field of research in the past 10 years.
1.2.2 Recent Work
Prior to 1991, amorphous silicon films produced via HWCVD were of inferior
quality to those obtained by the well-established technique of plasma enhanced
chemical vapor deposition (PECVD).  This poor quality was attributed to an
unsuitable reactor pressure and filament-substrate distance, producing too large
a fraction of silicon atoms (among the other radical species) at the film surface.14
10
In 1991, device quality a-Si of low hydrogen content (< 1 at.%) was finally
produced via the HWCVD technique by Mahan et al.13  The criterion of low
hydrogen content is particularly important, as it is believed15 that hydrogen
motion is involved in the formation of light-induced metastable defects in a-Si
via the Staebler-Wronski effect.16
As a result of the fundamental problem of light-induced metastability in a-Si,
research into the growth of microcrystalline (µc-Si) and polycrystalline silicon
(poly-Si)17 was simultaneously initiated.  Matsumura18 in 1991 was the first to
obtain poly-Si films by HWCVD, at a temperature of 300oC.  Heintze et al.19 in
1996 identified the transition from amorphous to microcrystalline silicon growth
that occurs at a critical hydrogen-to-silane ratio in the gas phase.
Once device quality a-Si could be produced, questions about how the
electronic properties of the film depend on the various reactor parameters
remained.  The work of Molenbroek et al. in 1996-199720,21 examined issues of
film quality versus reactor parameters for highly diluted silane and pure silane
conditions, respectively.  A principal conclusion of these studies was that a-Si
film quality (e.g., light-to-dark conductivity ratio) improves under conditions
where gas-phase reactions with silane (SiH4) occur, specifically that of atomic
silicon (Si) and SiH4.  Beyond a critical pressure (all other variables fixed),
however, radical-radical reactions can lead to a deterioration in electronic
properties.
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Some of the more recent and promising results include the demonstration of
epitaxial silicon growth via HWCVD by Thiesen et al.,22 the first such evidence
for epitaxy by this technique.  High growth rates were achieved (up to 10 Å/s) at
relatively low temperatures (~200oC) in comparison with other techniques for
epitaxial growth such as molecular beam epitaxy (MBE).  In the area of device
fabrication, thin film transistors (TFT) with both the a-Si and silicon nitride (SiNx)
layers deposited exclusively by HWCVD (“All-Hot-Wire-TFTs”) have been
demonstrated.23,24  Additionally, a-Si/poly-Si multibandgap tandem solar cells
(n-i-p/n-i-p structure) have been produced with the thick absorbing layer (i
layer) deposited by HWCVD; initial efficiencies were 8.1%, with a total device
thickness of only 1.1 µm.  Promising results like these suggest the hot-wire
technique could replace conventional film deposition techniques.
1.2.3 Advantages to Hot-Wire Chemical Vapor
Deposition
The hot-wire technique offers a number of important advantages over
conventional film deposition techniques, some of which have already been
alluded to.  In comparison with plasma-based processes such as radio-frequency
glow discharge, HWCVD involves the deposition of only thermal (~ 0.2 eV)
radical species.  Plasma-based processes produce ions that can be accelerated
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towards the substrate or form powders by confinement in the discharge,25 both
of which may be ultimately deleterious to film properties.  Another important
advantage to HWCVD is the high flux of atomic hydrogen (H) produced in
comparison with that in a glow discharge.26  This high flux of H helps promote
poly-Si growth by etching silicon from the strained bond sites that are found in
amorphous material.  It also commonly believed14 that a high flux of H promotes
gas-phase H abstraction reactions such as H + SiH4 Ø SiH3 + H2, producing a
growth species (SiH3) believed to be involved in epitaxial silicon growth.22  For
industrial application, the hot-wire process is more readily scalable to large area
deposition than a plasma process.  Simply by introducing more filaments, the
deposition area can be extended to the desired shape, while the ball shape of a
plasma discharge presents difficulties with respect to deposition on multiple
large area substrates.26
1.3 Motivation
Despite the large number of researchers in the field of HWCVD, fundamental
questions about gas-phase and surface kinetic processes remain.  In particular,
the distribution of radicals produced at the wire surface has remained in
question, due in part to inconsistencies in the results obtained.27-30  Also, no
studies to date have correlated wire surface kinetics with the aging of wires that
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occurs during prolonged exposure to silane.  Knowledge of the radical species
produced via gas-phase reactions at the pressures characteristic of film growth
has also been lacking for silane-based HWCVD, particularly for highly diluted
silane ambients.  Inferences about the species present during growth have been
made based on the resulting film properties,20,21 but no direct radical
measurements have been made under these conditions.
As mentioned earlier, HWCVD has been employed in the area of TFT
fabrication,23,24 but the technique also has promise for producing silicon nitride
layers for use as anti-reflection and passivation coatings for photovoltaics.  The
passivation effect of the nitride layer is believed to occur during a post-
deposition anneal, resulting in an increase in the internal quantum efficiency of
the underlying Si solar cell.31  Whether this passivation effect can be attributed
solely to H release into the underlying Si is unclear, as the mechanisms involved
are still being debated.  Also, hot-wire CVD silicon nitride layers have not yet
been assessed for their passivation capabilities relative to those grown by
conventional plasma CVD.
The single largest cost in PV technology is the raw material used (up to 50%
of the finished module cost32), often scrap silicon material received from the
semiconductor industry.  The demand of the PV industry for this scrap silicon is
expected to exceed the supply, however, by a factor of 2-4 by 2010.33  As a result,
methods are needed to refine the relatively abundant metallurgical-grade silicon
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(MG-Si) that is the precursor to electronic-quality silicon.  One method that may
offer promise exploits the known etching effect of atomic hydrogen on
amorphous and crystalline silicon, and the inverse dependence on temperature.34
It was recently suggested by Masuda35 that a cooled silicon target can be etched
with high yield by atomic H, generating silicon species that result in the growth
of a polycrystalline film.  It has not yet been demonstrated, however, whether
MG-Si can be etched with a similar efficiency, or whether refining of this material
can take place.
1.4 Outline
Chapter 2 focuses on the production of radical species on the wire in a
HWCVD reactor, using the technique of quadrupole mass spectrometry.  Atomic
Si was found to be the predominant radical produced for wire temperatures
above 1500 K, with evidence for catalysis using a new wire.  Radical production
using aged filaments appears to occur through a non-catalyzed route.  This
constitutes the first such study of the effect of wire aging on radical species
production in HWCVD.  Chapter 3 examines the production of radical and ion
species via gas-phase and surface processes, using the same mass spectrometry
technique.  Both ions and disilicon (or larger) species were found to be trace in
abundance for typical hot-wire film growth conditions, while appreciable
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amounts of the SiH2 radical were detected under a specific set of deposition
conditions.
Chapter 4 explores simulation and computational chemistry tools used to
examine gas-phase reactions.  An energetically favorable reaction pathway for Si
and SiH4 was identified, resulting in Si2H2 and H2 as the products.  Monte Carlo
simulations of the hot-wire reactor suggest SiH3 is the predominant growth
species under conditions leading to amorphous and polycrystalline growth, with
the atomic H flux dictating the transition between the two microstructures.  A
two-dimensional Direct Simulation Monte Carlo (DSMC) code was applied for
the first time to modeling a HWCVD reactor, examining the issue of film growth
uniformity.  Continuum simulations were used to predict the maximum growth
rates achievable under non-agglomerate forming conditions.  For dilute (1%)
silane conditions, a maximum growth rate of 10 nm/s was predicted, while
under pure silane conditions, 50 nm/s was predicted.
Chapter 5 focuses on the growth of silicon nitride films using HWCVD.
Specifically, the reactor conditions needed to produce high hydrogen content
films (up to 18 atomic %) with a high refractive index (up to 2.5) were identified.
The hydrogen release kinetics for nitrogen-rich and silicon-rich nitride films were
studied.  Also, bulk and interface defect passivation by atomic hydrogen was
examined using the technique of Multiple Internal Reflectance Fourier-
Transform Infrared Spectroscopy (MIR-FTIR).  Bulk passivation (of platinum
16
impurities in Si) by atomic H released from a nitride capping layer was
demonstrated for the first time; the bulk concentration of these platinum-
hydrogen complexes was determined to be ~ 1014 cm-3.  Silicon nitride films were
deposited onto commercial ribbon silicon diffused-emitter substrates, and the
electrical properties of the resulting cells compare favorably with plasma CVD-
nitride cells.  Chapter 6 describes a technique being used to grow silicon films by
atomic hydrogen etching of a cooled, solid silicon source.  Negligible etching of a
crystalline silicon source was observed, while an amorphous silicon source was
found to etch at rates of up to 14 nm/min, allowing for growth onto a heated
substrate at a rate of 0.6 nm/min.  Finally, Chapter 7 summarizes the preceding
chapters, with proposals for future work.
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Chapter 2 Wire Surface Kinetics
Abstract
Wire-desorbed radicals present during hot-wire chemical vapor deposition
growth have been measured by quadrupole mass spectrometry.  New wires
produce Si as the predominant radical for temperatures above 1500 K, with a
minor contribution from SiH3, consistent with previous measurements; the
activation energy for the SiH3 signal suggests its formation is catalyzed.  Aged
wires also produce Si as the predominant radical (above 2100 K), but show
profoundly different radical desorption kinetics.  In particular, the Si signal
exhibits a high temperature activation energy consistent with evaporation from
liquid silicon.  The relative abundance of the other SiHx species suggests that
heterogeneous pyrolysis of SiH4 on the wire may be occurring to some extent.
Chemical analysis of aged wires by Auger Electron Spectroscopy suggests that
the aging process is related to the formation of a silicide at the surface, with
silicon surface concentrations as high as 15 atomic %.  A limited amount (2
atomic %) of silicon is observed in the interior as well, suggesting that diffusion
into the wire occurs.  Calculation of the relative rates for the various wire kinetic
processes, coupled with experimental observations, reveals that silicon diffusion
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through the silicide is the slowest process, followed by Si evaporation, with SiH4
decomposition being the fastest.
2.1 Introduction
A knowledge of the primary radicals produced on the wire in a hot-wire
chemical vapor deposition (HWCVD) reactor is critical to optimization of film
microstructure and quality, as well as for modeling gas-phase chemistry.  In the
low pressure, collisionless regime, these wire-desorbed radicals may act as the
primary film deposition precursors, while at higher pressure, they may react
with other species in the gas phase to produce the precursors.  In particular, the
study by Molenbroek et al.1 suggested a direct correlation between amorphous
film quality and the degree of reaction of wire-generated Si in the gas-phase.
Recently, it has been demonstrated that wire age has an effect on the resulting
electronic properties of the grown film,2 thought to be related to differences in
radical chemistries associated with aged versus new wires.  No studies have
examined, however, what these differences in radical chemistry might be, if they
exist
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Prior Work
There have been a number of recent reports3-6 of the distribution of wire-
desorbed radicals, following the early report by Doyle et al.7  Experiments
conducted using similar detection schemes, such as vacuum ultraviolet (VUV)
photo-ionization mass spectrometry, have shown quite different results in some
cases.4,5  Whether these differences are due to the different histories of the wire
used or differences in the reactor condition (e.g., walls coated with amorphous
silicon) is unclear.
One point that most of these studies agree on is that Si is the dominant radical
observed at high wire temperatures (above 1800 K).  However, the distributions
of the minor species found at lower temperatures are in discrepancy among the
various studies.  In the report of Doyle et al.,7 SiH3 was the next most abundant
radical to Si.  Duan et al.5 report disilicon species (Si2Hx) as the next most
abundant, followed by SiH3; the presence of Si2Hx was thought to be related to
wall reactions, however, and not a result of wire processes.  Tange et al.4 report
SiH2 as the next most abundant radical, followed by SiH3.  In contrast to the other
studies, the SiH2 and SiH3 radicals show a precipitous drop above 1700 K.  These
discrepancies have motivated a detailed study of radical desorption kinetics
under conditions where the wire history (as well as that of the reactor) is well
known.  Also, a detailed chemical and surface analysis of aged wires has been
made to better understand the aging mechanism.
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2.2 Experiment
Measurements were performed in an ultra-high vacuum chamber with a base
pressure of order 10-9 Torr.  Background gases consist mostly of residual H2 and
He.  Operating pressures were approximately 5 x 10-6 Torr, using a dilute (1%)
mixture of SiH4 in He (i.e., SiH4 partial pressures of 5 x 10-8 Torr), at flow rates of
less than 1 sccm; gases were introduced through an inlet on the side of the
chamber.  Low pressures were chosen in order to eliminate the effects of gas-
phase reactions and focus exclusively on wire processes.  A straight tungsten
wire of 0.5 mm diameter and 12 cm length was used, located 1-5 cm from the
substrate heater or mass spectrometer (the latter being used for these studies).
Although other studies4 have examined alternate wire materials (tantalum and
molybdenum), tungsten was chosen due to its low vapor pressure across the
temperature range of interest.  Tungsten is also the most widely used wire
material in HWCVD.  Figure 1 provides a diagram of this hot-wire reactor.
Illustrative photos of the chamber along with a discussion of design
considerations can be found in Appendix A.
The wire temperature was determined by using a single wavelength,
disappearing filament optical pyrometer (Leeds and Northrup, Model 8622-C),
with corrections made for effective emissivity.  The emissivity of elemental
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Figure 1.  Diagram of the hot-wire reactor.
tungsten was taken as 0.44 (Ref. 8), along with a quartz transmission factor of
0.93, to give an effective value of 0.41.  For the temperature dependent radical
measurements of the present study, the largest source of error comes from the
wire temperature determination (limited by the visual acuity of the user) and is
estimated to be approximately +/- 50 K over the entire temperature range
investigated.
Radical measurements were made with the use of a quadrupole mass
spectrometer (Hiden Analytical Ltd., HAL RC201), with the capability of tunable
electron energy to enable radical detection.  The spectrometer is placed at the
substrate heater
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same location as the substrate heater during film growth, as Figure 1 shows.  To
enable the sensitivity to radical detection necessary at these low pressures, the
spectrometer was operated in a so-called “open-source” mode.  In this mode of
operation, the 100 µm sampling orifice that usually lies in front of the ionizer is
removed so that a larger fraction of radicals may reach the ionizer.  The radical
detection technique used here relies on the lower electron energy for direct
radical ionization (e- + A → A+ + 2e-) versus ion production by dissociation of a
parent molecule (e- + AB → A+ + B + 2e-).9  Measurements are made at a fixed
electron energy over a range of masses.10  The electron energy chosen for these
measurements was 10.5 eV, as it was found to result in preferential ionization of
radical species, limiting the extent of dissociative ionization of SiH4 to produce
SiHx (x = 0-3).  The choice of energy is critical, as interference from SiH4
dissociation at high energies can reduce the radical detection sensitivity.  In
addition, a characteristic of electron impact ionization, in contrast to a process
such as photoionization, is the spread in the energy distribution (estimated to be
0.5 eV full-width half-maximum for our instrument).  This spread allows for
dissociative ionization of SiH4 at energies that are nominally below the
appearance potential of a particular radical, an effect similar to that previously
noted by Hsu et al.9  We find this effect to be most important for the SiH3 radical,
given that SiH and SiH2 are only trace in abundance, and that the gap between
ionization and appearance potentials is slightly smaller for SiH3 (3.9 eV) than for
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Si (4.3 eV).11  A related effect that could potentially bias the measurement of
radicals is ion production from vibrationally excited SiH4, at energies below the
nominal appearance potential of the particular ion.12  As a result of these effects,
the data to be presented have been corrected for trace dissociative ionization by a
method to be discussed in the next section.
Since the chamber used in this study is also used during high-pressure film
growth, a thin layer of amorphous silicon is often observed on the walls.  In
order to eliminate the contribution of etching of this silicon from the walls to the
measured radical signals, the chamber was cleaned by introducing H2 at total
pressures in the range of 100 mTorr (10-20 sccm), at a wire temperature of
approximately 2200 K.  Under these conditions, a large flux of atomic H can be
generated, and this species can effectively clean the chamber by etching
amorphous silicon at rates up to 200 nm/min, as reported by Uchida et al.13
2.2.1 Data Acquisition
The raw data obtained by this technique consists of a scan in masses (28-32
amu) at a fixed electron energy of 10.5 eV.  To obtain the raw signal intensity for
each species, the spectrum was integrated across a 1 amu interval (e.g., 27.5 to
28.5 m/z for Si).  A background scan was made with no SiH4 present and the
wire on, and this was subtracted from the raw data.  Next, a scan was made with
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the gas present, but the wire off in order to assess the extent of dissociative
ionization of SiH4 at 10.5 eV, due to the finite electron energy distribution.  In
order to subtract this additional background contribution, a gas temperature
correction was necessary as these data were acquired with the wire off.
Comparing the signal intensity of Ar, with and without the wire on (and
applying a mass correction factor since intensity ~ mass-1/2), enabled the wire off
data to be normalized and then subtracted from the raw data.  Also, since the
raw data at masses 29 and 30 includes not only the contribution from the SiH and
SiH2 radicals, but contributions from Si isotopes (29Si: 4.7% abundance, 30Si: 3.1%
abundance), a correction was necessary to extract the radical contribution.  Given
the differing efficiencies with which the various radicals can be ionized (electron
ionization cross sections), normalization of the background-corrected data is
necessary to determine their relative abundance.  The cross section for Si comes
from the measurements by Freund et al.14  For the other SiHx, cross section
measurements by Tarnovsky et al.15 were used.  After subtracting the
background contributions to the raw data, the cross section normalization was
applied.  The sensitivity attainable with this technique is estimated to be better
than 1 ppm, taking the ratio of the minimum distinguishable radical signal (of
order 10-12 Torr) to the total pressure (of order 10-6 Torr).
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Figure 2.  Low pressure (5 x 10-6 Torr) radical species measurements
obtained using a new W wire.  Activation energy accurate to within
+/- 10%, due to wire temperature uncertainties (+/- 50 K); error
bars are not shown.
2.3 Results
2.3.1 Radical Detection – new wire
The distribution of monosilicon radical species as a function of wire
temperature (1300-2500 K), at a total pressure of 5 x 10-6 Torr, is shown in Figure
2. These results were obtained with a new wire having had no previous SiH4
exposure.  In order to be able to measure results for a bare wire without silicide
formation, the highest temperature measurements were made first, and then the
wire temperature was decreased in steps to 1300 K.  Starting at the lowest
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Figure 3.  Summary of experimental studies on W wire surface
kinetics.
temperatures, at which point a silicide or Si film forms,7 revealed a hysteresis in
the Si signal, likely related to the desorption of this silicide or Si film from the
wire.
Figure 3 compares the results of this study to those of similar low pressure
studies (also utilizing W wires).4,7  The only species shown in Figure 3 are Si and
SiH3, as they were the predominant species in the present study, as well as in
that of Doyle et al.7  In the study of Tange et al.,4 the SiH2 signal exhibited very
similar characteristics as SiH3 and thus is omitted for clarity.  Similar to the other
studies,4,5,7 we find that Si is the predominant radical desorbed from the wire for
wire temperatures above 1500 K.  Above 1800 K, a saturation in the Si signal is
noted, with a slight decrease above 2300 K, an effect also observed in these
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studies.  This phenomenon has been attributed to competition between
desorption and decomposition;16 it should be pointed out that diffusion of Si
through the wire may also be important at these high temperatures.  The
observation of primarily Si desorption at high temperatures indicates that surface
decomposition of SiH4 is faster than evaporation of SiHx at these temperatures.  It
is important to note that the condition of the wire in the studies of Tange et al.4
and Doyle et al.7 was not specified, and thus quantitative comparisons of the
apparent activation energies (which will be shown to depend on filament age in
the next section) were not made.
The second most abundant radical evident from Figure 2 is SiH3, in
agreement with the report by Doyle et al.7  Over the entire temperature range
investigated (1300-2500 K), this radical signal shows a small activation energy of
8 kcal/mole.  As the formation of this species is believed to involve just an H
atom exchange at the surface, such a small, constant activation energy is
reasonable.7  Also suggested by this result is that SiH3 formation is catalyzed as
this activation energy is much smaller than the bond dissociation energy of SiH4
(90 kcal/mole, Ref. 17).  The radicals SiH and SiH2 were detected in small
quantities (< 8% of Si), only slightly larger than the isotopic contributions from
29Si (4.7%) and 30Si (3.1%).
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2.3.2 Radical Detection – aged wire
A recent study by Mahan et al.2 focused on the effect of wire alloying on the
electronic properties of hydrogenated amorphous silicon films.  They suggested
that the differences in film electronic properties observed were most likely
related to differences in radical chemistries associated with a “virgin” wire
versus an alloyed wire.  As a means of investigating whether there are
discernable differences in radical chemistry depending on the condition of the
wire, we have made low pressure radical measurements on aged wires to
complement those performed on new wires.  The temperature dependence of the
SiHx radical signals with the use of an aged wire (one used on several previous
deposition runs, with SiH4 partial pressures of order 10 mTorr and temperatures
of 2000oC) is shown in Figure 4.  The primary differences in surface kinetics with
the use of the aged wire are the observation of high temperature (> 2100 K)
activation energies for all radicals detected, as compared with the signals
detected for a new wire, shown in Figure 2.  In particular, the SiH3 signal exhibits
an activation energy of 106 kcal/mole, substantially higher than the 8 kcal/mole
observed with a new wire, and close to the Si-H bond dissociation energy of
SiH4.  This suggests that the aging of the wire has led to a reduction, if not an
elimination, of its catalytic activity.  It is also noteworthy that the high
temperature activation energy measured for Si (117 kcal/mole) is close to the
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Figure 4.  SiHx radical signals measured from an aged W wire at a
total pressure of 5 x 10-6 Torr.  Activation energies quoted are
accurate to within +/- 10%, due to uncertainties (+/- 50K) in wire
temperature; error bars are not shown.
known heat of vaporization of liquid Si (92 kcal/mole), within experimental
uncertainties.  Also,in contrast to the results obtained with the new filament, SiH
and SiH2 are both in greater abundance than SiH3.  The cause for this might be
the contribution of heterogeneous pyrolysis to SiH4 decomposition.  At low
pressures, surface-initiated SiH4 pyrolysis (on the wire) should produce SiH2
predominantly, while
SiH3 can be ruled out as a primary product, based on the enthalpy of its
formation reaction.17  The lower formation enthalpy for SiH relative to SiH3, as
determined by thermodynamic calculations,18 may also explain its greater
relative abundance.  However, it is clear that the amount of liquid Si remaining
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on the wire is large enough under these conditions that its evaporation
dominates over pyrolysis of SiH4 to other SiHx.
 
2.3.3 Wire Characterization
Scanning Electron Microscopy
To complement radical measurements and gain insight into the nature of the
changes occurring at the wire surface, ex situ diagnostics were performed on
portions of wires, including the aged wire referred to above.  Field emission
scanning electron microscopy (SEM), operating at 30.0 kV with 1.5 nm point
resolution, was used to characterize the surface morphology of three different
wires.  Figure 5 depicts the SEM images of a new wire (with no previous SiH4 or
high temperature exposure), a heat-treated wire (having minimal SiH4 exposure
at the operating temperature of 2000oC for approximately 10 hours), and an aged
wire (having had exposure to a partial pressure of 10 mTorr SiH4 at 2000oC for
approximately 10 hours).  Evident with the new wire are striations caused by the
wire extrusion process, while the heat-treated wire appears to have a much
smoother, glassy surface (it should be noted that the heat-treated wire also
appears to have a much higher reflectivity).  The properties of the heat-treated
wire could be a result self-diffusion of W along the wire surface that takes place
at these high temperatures.  The latter image of the aged wire reveals a much
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Figure 5.  Surface morphology of (a) new, (b) heat-treated, and (c)
aged wires.
rougher, irregular surface with striation lines absent, similar to observations of
Mahan et al.2 for a comparably aged wire.  Since the wires used during
deposition go through the high temperature treatment before the introduction of
SiH4, the surface morphology observed with the aged wire is attributed to
deposition of Si (present as elemental Si and/or a silicide phase).  Given the
profound differences in surface morphology of the heat-treated and aged wire, it
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is not surprising that large differences in activation energies for radical
desorption are observed.
Auger Electron Spectroscopy
To provide insight into the changes in chemical composition that occur
during wire aging, Auger Electron Spectroscopy (AES) was used to probe
discrete points at the wire surface and interior (having a spatial resolution of
order 0.1 µm and sampling depth of order 10 nm.  Figure 6 is a low magnification
SEM image of the aforementioned aged wire, revealing the locations at which
AES measurements were made; the measured composition is given in Table 1.
The ratio Si/(Si+W) is quoted as the other impurities detected (carbon, oxygen)
were thought to be a result of ex situ contamination.  As a result, the ratio
Si/(Si+W) should be representative of the overall fraction of Si in the wire during
the high temperature exposure to SiH4 in the chamber.  As evident from Table 1,
the Si concentration at the surface reaches as high as 15% and drops off
precipitously to approximately 2% in the interior of the wire; surface
concentrations at other locations ranged from that given by points “a” and “b”
(11.6-15.1%).  The two interior points “c” and “d” (5% and 2% Si, respectively)
were estimated to be approximately 25 µm and 50 µm in depth.  It is noteworthy
that these concentrations are comparable to the equilibrium solid solubility of Si
in W at the respective wire temperatures.
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Figure 6.  Scanning electron microscopy (SEM) image of aged
tungsten wire.
Table 1. Composition of used tungsten wire, as determined by
Auger Electron Spectroscopy (AES).
Location Si/(Si+W)
Surface (a) 11.6%
Surface (b) 15.1%
Interior (c) –
25 µm deep 4.9%
Interior (d) –
50 µm deep 1.9%
surface
interior
used tungsten
wire
125µm
c
d
a
b
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2.4 Discussion
Examining the Si-W phase diagram in Figure 7 (generated with TAPP19), in
light of these measured concentrations, shows that silicon concentrations of 15%
at a typical wire temperature of 2000oC corresponds to a two-phase equilibrium
between the silicide W5Si3 (33% abundance) and tungsten (67% abundance) at a
silicon solubility of 4%.  The Auger measurements support the idea that the
nature of the wire alloying or aging process involves the growth of a silicide
layer.  Given that, at a depth of 10% of the wire radius (25 µm), silicon is present
Figure 7.  Si-W phase diagram, created with TAPP v2.1
(Thermochemical and Physical Properties), ES Microware, 1991.
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only up to its solubility limit, the silicide layer is likely to be thin.  Under more
severe conditions (larger Si concentrations at lower temperatures), the silicide
constitutes a large fraction of the wire, as Figure 7 reveals.  As the silicide is more
brittle than elemental tungsten, this leads to the wire breakage so commonly
observed in HWCVD reactors.
To provide some insight into the kinetics of Si diffusion into W, additional
radical measurements were made.  A standard aging treatment was adopted for
these measurements, consisting of a 15 minute bake at ~ 1000oC in an ambient of
SiH4 at a partial pressure of 0.2 mTorr (20 mTorr total, balance He).  A mass
spectrum was then acquired at a higher wire temperature (1470oC), at a SiH4
partial pressure of 4.4 x 10-8 Torr, followed by a scan in the absence of SiH4.
Figure 8 reveals contributions from Si and SiH3 (produced by H abstraction from
SiH4) for the case of the SiH4 background.  In the absence of SiH4 , Si is the
predominant radical observed, and this signal is attributed to Si (in excess of the
thermodynamic solubility) diffusing from the interior of the wire; this signal was
observed to persist for more than 1 hour, with no decrease in intensity.
Comparing the relative magnitudes of the two signals, one estimates that the
diffusion signal corresponds to a SiH4 partial pressure of ~ 2 x 10-8 Torr (it should
be noted that this contribution is relatively small compared to the SiH4 partial
pressures of > 1 mTorr, typical of growth conditions).  For an assumed average
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Figure 8.  Mass spectrometry evidence for Si incorporation by W
wire.
concentration of 1% Si throughout the entire wire, a simple calculation shows
that the corresponding pressure would be ~ 30 mTorr, at a typical wire
temperature of 1800oC.  This result suggests that the timescale to completely
deplete the wire of its Si is extremely long, consistent with the mass spectrometry
observations suggesting Si diffusion.
2.4.1 Rates for Surface Kinetic Processes
A comparison of the relative rates for the various surface kinetic processes,
namely, diffusion, evaporation, and decomposition allows further insight into
the nature of the wire aging process.  At the highest temperatures investigated in
this study (~ 2400 K), the solid solubility of Si in W is a few atomic percent,
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dropping to less than 1 at.% at the lowest temperature (1273 K).  To our
knowledge, there have been no studies that examined the diffusion of Si into
elemental W.  A study by Kharatyan et al.,20 however, investigated the diffusion
of Si into various silicides of tungsten and molybdenum.  For the diffusion of Si
into W5Si3 (the only silicide for which data were available), a diffusion coefficient
of
           
5 3
26.9exp( 69000 5000 / ),SiW SiD RT cm s= − ±        (1)
was obtained.20  Using this diffusion coefficient, the rate for diffusion (using the
wire radius as a lower limit for the characteristic length) as a function of wire
temperature is given in Figure 9.
Figure 9.  Rates of interest for wire surface kinetic processes.
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Data on the evaporation rate of Si from W were unavailable, but the study by
Ehrlich21 does provide an evaporation rate for H from W,22 which is relevant to
the SiH4 decomposition process; this rate is plotted in Figure 9.  The evaporation
rate of Si from liquid Si could be determined from the vapor pressure data of
Margrave.23  As liquid Si can form at some point during the aging process
(Figure 7, T = 2000oC, W<33%/Si>66%), this rate has relevance to the aged wires
of this study.  This rate of evaporation, as a function of wire temperature, is also
plotted in Figure 9.  Finally, rates of SiH4 decomposition on W were not directly
available, but a study by Yang et al.24 suggests the timescale for Si-H bond
breaking is of order a few picoseconds (in a liquid environment), establishing a
lower bound to the decomposition rate for the significantly higher temperatures
in the present study; this rate is included for comparison in Figure 9.
Examining these rates in Figure 9, bulk diffusion of Si through the silicide is
clearly the slowest process, followed by Si evaporation, and then decomposition.
These rates, coupled with experimental observations, give a picture of the
relative rates of surface kinetic processes on the wire.  First, the high rate of
decomposition compared with evaporation and diffusion suggests that for the
vast majority of wire temperatures, Si (as opposed to other SiHx) is the
predominant evaporating/diffusing species; radical measurements in particular
support the idea that it is the dominant evaporating species.  At sufficiently low
temperatures, however, this process becomes decomposition-limited, and a
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spectrum of other species is observed (see Fig. 4).  The Auger and radical
measurements described earlier provide clear evidence that diffusion through
the wire is occurring, and at rates faster than would be predicted by bulk
diffusion (through a silicide) alone.  This suggests that the majority of Si that
diffuses into the wire does so before a thick silicide has formed.  Whether this
higher effective diffusivity is due to a higher intrinsic rate of Si diffusion into W
(rather than W5Si3) or diffusion occurring primarily through cracks that develop
on the surface of the wire is unclear.
Finally, it appears that the rate of evaporation of Si from Si(l) is several orders
of magnitude below that of decomposition, even at the highest wire
temperatures.  It was previously observed, however, that for wire temperatures
in excess of 2000 K, a saturation in the Si signal occurs with the use of a new wire
that does not occur with an aged wire (see Fig. 2).  This observation is consistent
with a competition between evaporation (of Si and/or SiH4) and decomposition.
This, in turn, may suggest that the mechanism of Si desorption from a new wire
does not consist of Si evaporation from Si(l), but a different mechanism, namely,
the direct desorption of Si from a W surface.  The rate for this process is likely to
be of a similar magnitude as H evaporation from W, depicted in Figure 9.  It is
also possible that the rate of SiH4 evaporation becomes comparable to its rate of
decomposition at high temperatures, explaining the Si saturation.
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A picture then emerges of the hot-wire CVD decomposition process.  First,
SiH4 is adsorbed and then rapidly decomposed to Si and H on the surface of a
new wire.  This surface Si will then either evaporate or, if the surface
concentration is high enough, diffuse to the interior of the wire up to its
solubility limit.  Once the thermodynamic solubility has been reached, excess Si
can contribute to the formation of the W5Si3 phase, or at higher concentrations,
WSi2.  At the highest Si concentrations (> 67%), liquid Si can form at the surface
and then Si evaporation from Si(l) becomes the dominant mechanism of Si
production.  The observation that a new wire readily absorbs Si, but retains it for
a long period of time can be explained as a silicide diffusion-limited process.  The
silicide that forms at the surface acts as a diffusion barrier to Si in the interior of
the wire (as well as to further diffusion of surface Si into the wire), and Figure 9
shows that the characteristic diffusion time at the wire temperature used (~ 1750
K in Fig. 8) is, at minimum, several hours.
2.5 Conclusions
With the use of a new wire, Si is found to be the predominant radical
produced in a HWCVD reactor for wire temperatures in excess of 1500 K.  For
temperatures below 1500 K, the SiH3 radical becomes predominant.  The small
activation energy (8 kcal/mole) observed for SiH3 formation suggests the process
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is catalyzed with the use of these wires.  These results are in qualitative
agreement with previous studies of radical chemistry at the wire.  Radical
measurements performed on aged wires show high temperature activation
energies for all SiHx species, suggesting a non-catalyzed process for radical
formation.
Scanning electron microscopy of aged wires revealed a surface both rougher
and more irregular than seen with new or heat-treated wires; this morphology is
thought to be characteristic of Si deposition (either as free Si or a silicide).  Auger
electron spectroscopy revealed surface Si concentrations as high as 15%,
suggesting a two-phase equilibrium between W5Si3 and W (at a Si solubility of
4%).  Concentrations of Si in the interior of the wire (2-5%) are of order the
solubility limit and reveal that Si diffusion into the wire is significant.  Radical
measurements added further evidence of Si diffusion, as Si was detected in a
silane-free ambient following an aging treatment.
Examining rates for various surface kinetic processes reveals that bulk
diffusion of Si through a silicide is the slowest, followed by Si evaporation and
then surface decomposition.  The high rate of surface decomposition supports
the idea that Si is in fact the predominant evaporating and diffusing species.  In
light of the low rate of diffusion through the silicide, the diffusion mechanism in
the initial stages of SiH4 exposure must either consist of bulk diffusion through
elemental W or large cracks that develop on the wire surface and propagate to
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the interior.  Finally, experimentally observed evaporation kinetics suggest that
Si desorption from a new wire comes from direct Si-W bond breakage, as
opposed to evaporation from Si(l).
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Chapter 3 Gas-Phase Experiments
Abstract
The motivation for studying the gas-phase chemistry of CVD growth, in
terms of its effect on film microstructure and electronic properties, is presented.
Residence time distribution measurements are made to characterize the flow
behavior of the hot-wire reactor, which can have a significant effect on the gas
species distributions.  Thermochemical calculations reveal the onset of
agglomerate formation as a function of pressure and residence time.  Mass
spectrometry is used to measure the ion contribution during film growth,
determine the radical distribution under specific deposition conditions, and
detect disilicon or larger species present at high pressures.
3.1 Introduction
A knowledge of the primary species present during silicon CVD growth is
critical to optimization of film microstructure and electronic properties.  In
plasma CVD processes, the discussion centers around the SiH2 and SiH3 radicals.
The SiH2 radical is produced by electron impact dissociation of SiH4,1 while SiH3
is typically produced via the reaction, H + SiH4 = SiH3 + H2.2  In hot-wire CVD,
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atomic Si (produced by decomposition of SiH4 on the wire3) and SiH3 (produced
by H abstraction from SiH4) are believed to be the important radical species.
These species all have different gas-phase and surface reactivities that can
ultimately impact film properties.
For example, SiH2 has been found to readily insert into Si-H bonds,4
producing Si2H6 in the case of its reaction with SiH4.  This species may dissociate,
due to internal energy carried from the reaction, or participate in further
insertion reactions with SiH2 (provided pressures are high enough to
collisionally stabilize the species), ultimately resulting in the formation of silicon
powders.5  By contrast, SiH3 is unreactive with SiH4 and is most likely to
undergo recombination (if its concentration is high enough), briefly producing
Si2H6 (carrying an even larger amount of internal energy) before rapidly
dissociating.2  Like SiH2, atomic Si can insert into the Si-H bond of SiH4,
producing H3SiSiH*, which can isomerize to H2SiSiH2 (provided dissociation
does not take place).6,7  Similar to their different gas-phase reactivities, these
species all have different surface reaction probabilities.  Atomic Si as well as SiH
are the most reactive, with probabilities near unity,8 while SiH2 is believed to be
near 0.6.9  The SiH3 radical is believed to have a reaction probability between 0.1-
0.4,10,11 dependent largely on the hydrogen coverage of the surface, and thus the
surface temperature.
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The different gas-phase and surface reactivities of these species can have
important consequences for film growth.  In particular, the study by Roth et al.2
concluded that a-Si:H films are deposited if secondary reactions, namely those
producing Si2H6, take place.  This suggests that methods that reduce the relative
abundance of SiH2 may suppress Si2H6 formation.  The study of Hamers et al.12
suggests that the key to producing low defect density a-Si:H at low temperature
is to avoid gas-phase polymerization, a condition favored by the presence of
SiH2.  Thiesen et al.13 explain the observation of low temperature epitaxial
growth by HWCVD on the basis of the abundance of SiH3, a species with high
mobility and relatively low reactivity on a H-terminated Si surface.  A principal
conclusion of the study by Molenbroek et al.14 was that highly reactive Si atoms
must react with SiH4 en route to the substrate, likely forming H2SiSiH2,15 in order
to produce high-quality a-Si:H films (e.g., large light-to-dark conductivity ratio,
σph/σd).
3.2 Residence Time Distribution (RTD)
The flow characteristics of the  hot-wire reactor, specifically the residence
time of gas species, can have a large impact on the resulting gas species
distribution.  For stable molecules (e.g., SiH4) or low surface reactivity radicals
(e.g., SiH3), the residence time can determine whether reaction routes with other
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radical species (e.g., Si and/or SiH3) take place.  As some of these reactions may
or may not be desirable, it can be challenging to determine the residence time
that is optimal.  In this regard, kinetics calculations that include the relevant
reactions are helpful.
3.2.1 RTD Measurements
The residence time distribution was determined by applying a pulse input
(i.e., quickly opening and closing a leak valve) of a mixture of argon diluted in
helium (1%) to the hot-wire reactor and monitoring the decay of the Ar signal
over time with a quadrupole mass spectrometer (Hiden Analytical Ltd., HAL
RC201).  Short dwell (time to acquire a single data point) and settle (time
between data point acquisition) times of 1 ms were chosen for the mass
spectrometer in order to adequately capture the features of the pulse input.
Argon was chosen as the tracer gas for this experiment due to its similarity in
mass to SiH4 (40 amu versus 32 amu), resulting in a difference in diffusivity of
just a factor of 1.1.  The residence time of SiH4 is of greatest interest here, due to
its participation in the primary gas-phase reactions with Si and H.
Figure 1a shows the response to a pulse input of the Ar mixture at a peak
pressure of 187 mTorr and 47.1 sccm flow rate, with the wire maintained at a
temperature of 2000oC, conditions representative of those during film growth.
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The cause of the “glitch” that appears at 20 sec in the data is uncertain, but
possibly related to the chosen settle/dwell times.  Data of this variety is typically
represented as a residence time distribution function F(t), which specifies the
fraction of gas with an age less than t.16  This function can be determined by
integration of the response curve, normalized by the total integrated area under
the curve:
∫
∫
∞=
0
t
0
dt)t(I
dt)t(I
)t(F (1)
where I(t) is the raw signal.  By similar procedures, the average residence time τ
can be obtained by:16
∫
∫
∞
∞
=τ
0
0
dt)t(I
dt)t(tI
       (2)
Under the aforementioned conditions, the average residence time was
determined to be 11 seconds (after the initial spike at time = 15 sec).
Figure 1b displays the normalized response function and residence time
distribution functions for the experiment and for an idealized continuous stirred
tank reactor (CSTR) with an average residence time of 11 seconds as well.  The
CSTR model assumes perfect mixing of all fluid elements and as can be seen
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Figure 1.  (a) Response of reactor to a pulse input of gas – 187
mTorr/47.1 sccm of 1% Ar in He mixture; (b) Normalized response
function and residence time distribution (RTD) function for Ar
tracer experiment and for an ideal CSTR.
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from the figure, both the response function and RTD function for the experiment
match that of the CSTR well.  Deviations from ideality can often be simulated by
a cascade of ideal CSTRs in series.16  It has be shown16 that the slope of the RTD
can be related to the number of such CSTRs in series.  A value of 0.37 is obtained
for a single CSTR (0.54 for two in series), while the experiment gives a value of
0.34, showing that under these conditions, the hot-wire reactor can be modeled
as a single CSTR.
The pressure of 187 mTorr was found to be the minimum achievable for this
pulse input tracer experiment, due to the slow response of the mass flow
controller to its set point.  Subsequent experiments were carried out at higher
pressure to evaluate the effect on average residence time.  The residence time
reached as high as 24 seconds for pressures of 400 mTorr.  Pressures any higher
than this were not explored as they are unrepresentative of those during film
growth and place a strain on the turbomolecular pumps of the reactor.
3.2.2 Stirred Tank Reactor Calculations
Given the knowledge that the hot-wire reactor behaves as an idealized CSTR,
estimates of species abundance can be obtained by simple calculations.  The tool
used for this purpose was the Thermo Chemical Calculator (TCC), developed by
David Goodwin.17  To approximate the gas-phase chemistry relevant to the hot-
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wire reactor, the silane reaction mechanism of Ho et al.18 was used, which
includes 10 reactions and 9 species (from silane up to trisilane); H and Si2H2 were
not available with this mechanism, species that are included in later simulation
mechanisms in this thesis.  As this is only a gas-phase calculation, the surface
reactivities of the various species (e.g., Si versus SiH3), which will reduce their
relative gas-phase abundance and residence times, have not been taken into
account.  It is also assumed in the calculation that all species have identical
residence times, which is not strictly true due to their different pumping speeds
(e.g., H2 and SiH4).  These calculations can, however, provide a lower bound to
the pressure at which the onset of Si particle formation may occur.
A well-stirred reactor calculation was performed that provided the effluent
composition as a function of reactor residence time.  To model conditions
relevant to hot-wire growth, a gas mixture of SiH4 diluted in He (1%) was
chosen, with an average gas temperature of 750 K (a value intermediate between
that of the substrate - 600 K, and the wire - 2300 K) and fixed pressures of 0.1 and
1 Torr.  To account for the decomposition that occurs on the wire, the initial
conditions were specified assuming 50% of the SiH4 is decomposed into Si and
H2.
Figure 2 shows the  species distributions obtained at pressures of (a) 0.1 Torr
and (b) 1 Torr for the above specified system.  For residence times of 1 second
and less, no significant reaction occurs and H2, Si, and SiH4 remain the
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predominant species.  At a residence time of 10 seconds (comparable to the
experimentally determined value for Ar), gas-phase reactions start to become
significant, with H2SiSiH2 (produced by the reaction of Si and SiH4) comparable
to Si in abundance.  For residence times of 100 seconds and higher, the
equilibrium distribution of species is approached, which consists mostly of the
radical H2SiSiH2 and the mono-, di-, and tri-silane molecules, along with H2.  For
the higher pressure of 1 Torr, the onset of gas-phase reactions occurs at a shorter
residence time (1 second).  In contrast to the lower pressure distribution, Si2H6
and Si3H8 exceed the concentrations of the radicals for residence times greater
than 10 seconds at 1 Torr.  Again, it should be emphasized that these seemingly
long residence times are more characteristic of the stable gas species (e.g., Ar and
He), and the radical species have actual residence times orders of magnitude
smaller than these, due to their high sticking probabilities at the reactor walls; for
illustrating qualitative trends, however, the results obtained here are useful and
have implications for silicon film growth.
As mentioned, gas-phase polymerization to form species like Si2H6, Si3H8,
and larger is thought to be deleterious to amorphous film quality.12  This clearly
indicates that the reactor should be operated as far from thermodynamic
equilibrium as possible to suppress the formation of these species.  At higher
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Figure 2.  Simulated species disitributions as a function of reactor
residence time for total pressures of (a) 0.1 Torr and (b) 1 Torr, for a
1% SiH4 in He mixture.
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pressures, it becomes more difficult to suppress these reactions, so an upper
bound of several Torr for these conditions should be imposed.  If H2SiSiH2 is
indeed a beneficial precursor to high-quality a-Si film growth, as suggested by
Molenbroek et al.,15 then both the pressure and residence time (in effect, the mass
flow rate) must be carefully tuned to produce a modest amount of gas-phase
reactions and maximize the production of this species, while suppressing the
formation of the larger species.
3.3 Detection of Radical Species
3.3.1 Introduction
It has been established thus far that knowledge of the radical species present
during hot-wire film growth is important for film quality optimization.  There
are a number of techniques available for the detection of radical species that have
inherent advantages and limitations.  The technique of mass spectrometry offers
the unique ability to simultaneously measure the relative abundance of
numerous species of interest in CVD processes.  For silicon film deposition, the
species of interest are primarily H, H2, SiHx, and higher silanes such as Si2Hx.
In particular, the technique of threshold ionization mass spectrometry (TIMS)
offers a sensitivity and discrimination that is typically better than that provided
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by optical techniques, such as laser induced fluorescence.19  There have been
recent successes using LIF to detect Si and SiH present during hot-wire growth,20
but the difference in absorption bands of each radical makes it practically
impossible to measure all radicals of interest simultaneously.  Other problems
associated with optical techniques include overlapping bands and interference
from background radiation (particularly problematic in plasma CVD systems),
but these techniques do offer the advantage of measuring radical density
variations within a reactor.19  By contrast, mass spectrometry techniques measure
the flux of radicals, typically at a fixed location.  Quantification of mass
spectrometry signals can be difficult at high pressures (P > 5 Torr), where the
sampling orifice diameter is significantly larger than the collision mean free path.
Under these conditions, the flow transitions from effusive to continuum, and the
mass spectrometer signal (I) no longer exhibits simple relations to gas properties:
 I ∂ [nvth] ∂ [P/T]        (3)
(where n is the local gas density, vth is the mean thermal speed of the gas, and P
and T are the process pressure and temperature).21
3.3.2 Radical-to-Ion Flux in HWCVD
Although it has been established that radicals constitute the main growth
precursor in HWCVD, while ions contribute up to 70% of the deposited film for
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polymorphous and microcrystalline silicon by plasma CVD,12 there have been
few attempts, if any, to measure the ion flux present in HWCVD growth.
Considering the higher gas-phase reactivity of ions compared to radicals (due to
induced dipole effects between ions and neutrals),12 quantification of this ion
flux is crucial to an understanding of the gas-phase kinetics.  Due to the high
filament temperatures encountered in HWCVD (up to 2000oC), thermionic
emission of electrons can occur, resulting in a flux of up to 1017 electrons/cm2-
sec.22  It has been further shown22 that these electrons can have a modest effect
on the dark conductivity of the resulting a-Si:H films, depending on the substrate
bias.  It is largely unknown, however, whether these electrons can cause
ionization of the gas between the filament and substrate.
To test whether electron impact ionization can occur in the hot-wire reactor, a
coiled filament (~ 30 cm long, 0.5 mm diameter, 5 mm diameter coils) was used,
for which the voltage drop was 34 V at the operating temperature of 1700oC
(9.3A).  This suggests that electrons, on average, reach the substrate (which is
grounded) with an energy of 17 eV.  This energy is well above reported
dissociation and ionization energies for SiHx (x=0-4) species.23,24  As a result, the
potential for electron impact ionization of SiHx occurring in the reactor exists
with such an experimental arrangement.
Figure 3 shows a mass spectrum collected of the SiHx species at a pressure of
382 mTorr (1% SiH4 in He), with the ionizer of the mass spectrometer both on
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Figure 3:  Detection of ions under conditions of 382 mTorr (1% SiH4
in He), filament temperature of 1700oC, and filament bias of 34 V.
Both spectra were background corrected.  Discontinuities are
caused by negative baseline values, the absolute values of which
are much less than the peak signal intensities.
(electron impact ionizer, operating at 70 eV) and off; the spectra were plotted on
a logarithmic intensity scale in order to compare their magnitudes.  With the
ionizer turned off, the signal is derived exclusively from ions produced in the
chamber by thermionic electron impact ionization.  With the ionizer on, the
signal is derived from both ion production in the chamber and dissociative
ionization of SiH4 (to other SiHx) that occurs at the 70 eV electron energies
present in the ionizer (the latter being the predominant contribution).
Comparing signal intensities obtained with the wire on and off (not depicted) and
the ionizer on revealed that the contribution of wire-produced atomic Si to the
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observed signal is at least as great as the contribution from SiH4 dissociation in
the ionizer (i.e., the SiH4 depletion caused by the wire is about 50%). Comparing
the two signals in Figure 3, it can be seen that a measurable amount of ions is
produced, although they are approximately 3 orders of magnitude lower in
abundance when compared with the radical and SiH4 signal.  This would suggest
that ion production would not significantly impact the gas-phase chemistry
under these conditions, despite the higher gas-phase reactivity of these species.
The ion production that occurs here is clearly a result of the large voltage
drop encountered across the long filament.  If ion production was to become
problematic, simple measures could be implemented to reduce their contribution
to the film growth process.  This would involve dividing up the same total length
of filament into separate strands wired in parallel, with a voltage drop across
each that is below that which would cause ionization by the aforementioned
process.
3.3.3 Threshold Ionization Mass Spectrometry
The technique of threshold ionization mass spectrometry (TIMS) has been
widely used for the detection of radical species present in silane-argon dc
discharges,19,25 silane-methane RF discharges,26 and methane-hydrogen
discharges or hot filament-assisted processes.3,21  Not since the early study of
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Doyle et al.,3 however, has it been applied to the detection of species present
during hot-wire CVD growth in silane ambients.  Furthermore, such
measurements have not been made under the dilute (1%) silane conditions and
higher pressures (up to 0.5 Torr) of the present study.  It is important to note that
with the higher pressures used here, the mass spectrometer must be operated
with the differential pumping orifice (of ~ 100 µm diameter) in front of it; this
differs from the “open-source” mode of operation described in section 2.2, and
results in lowered radical sensitivity due to reactions of radicals at the surface of
the orifice.
TIMS relies on the lower energies typically required for direct radical
ionization (e.g., A + e- = A+ + 2e-, ionization potential) versus their production
from a parent molecule (e.g., AB + e- = A+ + B + 2e-, appearance potential).  The
ionizer of the mass spectrometer is typically operated at an electron energy
between that of these two processes.  For the silane system, the separation
between these thresholds are 2-4 eV, making possible the discrimination of SiHx
radicals from SiH4, provided electron beam broadening effects are not
significant.19  A listing of the ionization and appearance potentials for the silane
system, derived from measurements of Robertson et al.,25 can be found in Table
1.
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Table 1.  Threshold energies (eV) for direct radical and dissociative
ionization.  From Robertson et al.25
Data Normalization
Due to offsets between the voltage applied to the filament emitting electrons
in the ionizer and the actual electron energy (caused by, for example, the voltage
drop across the filament), an offset correction is often necessary.21  Using He as a
reference, an apparent threshold of 25.5 eV was obtained, as compared with the
known threshold of 24.6 eV.27  Using Ar as a reference, an apparent threshold of
16.8 eV was obtained, as compared with the known threshold of 15.8 eV.27  As a
result, a correction of 0.95 eV (the average of the two offsets) was applied to all of
the data that follow.
Another correction is necessary to account for the depletion of SiH4 at the
filament, in order to facilitate comparison of spectra obtained with the filament
Neutral Si+ SiH+ SiH2+ SiH3+
Si 8.2
SiH 11.2 9.5
SiH2 10.4 13.1 9.7
SiH3 13.1 11.3 12.5 8.4
SiH4 12.5 15.3 11.9 12.3
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on and off.  At electron energies well above the ionization and dissociation
thresholds (~ 30 eV), the predominant contribution to the SiHx+ signal in the
mass spectrometer is that resulting from SiH4 dissociation.25  This is due to the
high sticking probability of SiHx compared with SiH4, resulting in a reduction in
the SiHx/SiH4 ratio within the mass spectrometer.  As a result, species like SiH2+
or SiH3+, which are the primary products of electron impact ionization, will show
a decrease in intensity proportional to the depletion of SiH4 for spectra acquired
with the hot-wire on (compared to the wire off spectra).  The magnitude of this
decrease at an electron energy of 30 eV can be used to normalize all of the “wire
off” spectra.  Once the spectra are normalized, the net radical signal is obtained
as the difference between the “wire on” and “wire off” signals.
Threshold ionization measurements were performed under conditions of
relevance to hot-wire CVD film growth, namely, total pressures of 28 and 200
mTorr (1% SiH4 in He).  A coiled tungsten filament (0.5 mm diameter) was used,
having a total length of 30 cm, operating at a temperature of 1900oC, at a distance
of 2.5 cm from the mass spectrometer orifice.  For the low electron energies (8-30
eV) used in these measurements, lower ionizer filament currents (< 100 µA
versus 1000 µA) were necessary to reduce its operating temperature to a level at
which filament evaporation does not occur.  These lower currents impose a
limitation, however, on the sensitivity of the instrument that should be kept in
mind.
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Results
Figure 4 shows the threshold ionization spectra for Si+, SiH2+, SiH3+, and H+
obtained at 28 mTorr.  A spectrum acquired at mass 29 suggested only trace
amounts of the SiH species, within the detection limits of this technique.  Based
on the extent of SiH4 atomization on the filament at these temperatures28 and the
low pressures involved, it is unlikely that SiH is produced either on the wire or
via gas-phase processes.  Spectra are acquired with the wire both on and off in
order to assess the extent of radical production on the wire.  The apparent
threshold energies for each species were determined by extrapolating the linear
portions of each signal down to zero intensity, a procedure adopted by Hsu et
al.21 for simple ionization processes such as A ? A+, and believed to be accurate
to within 0.5 eV.  The energies for representative ionization processes are listed
as a reference.
The Si+ “wire on” spectrum provides some evidence for the presence of the Si
radical, but interference from dissociative ionization of SiH4 (and perhaps SiH2 as
well)  results in an apparent threshold of 10.8 eV.  It is notable that the “wire
off” spectrum reveals a threshold 0.8 eV lower than expected from dissociative
ionization of SiH4.  The “wire on” spectrum of SiH2+ shows a threshold that
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Figure 4a, b.  Threshold ionization spectra of (a) Si and (b) SiH2,
acquired at 28 mTorr (1% SiH4 in He).
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Figure 4c, d.  Threshold ionization spectra of (c) SiH3 and (d) H
acquired at 28 mTorr (1% SiH4 in He).
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agrees well with that expected from direct ionization of the SiH2 radical and the
higher signal intensities as compared with that of Si suggest larger amounts of
the SiH2 radical.  As with Si+, the “wire off” spectrum for SiH2+ shows an
apparent threshold lower (1.2 eV) than expected from the dissociative ionization
route.  For SiH3+, both the “wire on” and “wire off” spectra have the same
apparent threshold, suggesting no SiH3 is produced in the chamber.  Again, this
energy is lower (1.1 eV) than that for dissociative ionization.  Both H+ spectra
show identical thresholds that are between that expected for direct ionization
versus production from H2; unlike with SiHx+, the “wire off” H+ spectrum was
not normalized.  The similarity in threshold might suggest that the predominant
contribution to H+ is from dissociative ionization of background H2 in the
chamber.  This is certainly the case for the “wire off” spectrum, and again there is
a lower than expected threshold (16 eV versus 18 eV).
The lower than expected thresholds for dissociative ionization of SiH4 to
SiHx+ and H2 to H+ could be rationalized as resulting from vibrational excitation
of SiH4 and H2.  The study of Robertson et al.19 comments that vibrational
excitation could be expected to yield lower dissociative ionization thresholds.
This, in turn, might contribute to an apparent “radical” signal.  Although SiH4
molecules are likely to undergo some wall collisions en route to the sampling
orifice, these may be insufficient in the absence of gas collisions (at 28 mTorr) to
de-excite the molecule.  Yet another means for dissociative ionization below the
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nominal threshold relates to the spread in the electron energy distribution from
the ionizer (estimated as 0.5 eV full-width half maximum).  With a distribution of
electron energies, the net effect should be to make the threshold less distinct,
increasing the error in its determination.
Figure 5 shows the threshold ionization spectra for the same species at a total
pressure of 220 mTorr (1% SiH4 in He).  The Si+ “wire on” spectrum shows a
threshold near 12.5 eV, expected for dissociative ionization from SiH4, suggesting
few Si radicals (within detection limits) are present.  The “wire off”
spectrum shows an apparent threshold of approximately 13.5 eV, above that
expected for Si+ production by this route.  One explanation that can account for
this higher than normal threshold is non-linearity in the ionization cross section
near the threshold region.  This is believed to explain slight non-linearities in the
threshold in cases even as simple as H + e- = H+ + 2e-,29 and thus it is reasonable
that for the more complicated process of Si+ formation, non-linearities would be
observed.  The SiH2+ “wire on” signal shows a threshold between that expected
for direct ionization versus dissociative ionization, suggesting some radical
contribution.  The corresponding “wire off” spectrum shows the threshold
expected for dissociative ionization from SiH4.  The higher pressures under
which these measurements were made (and the consequent larger number of
collisions) might be the reason that vibrational excitation of SiH4 did not cause a
lowering of the threshold, as
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Figure 5a, b.  Threshold ionization spectra of (a) Si and (b) SiH2,
obtained at 220 mTorr (1% SiH4 in He).
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Figure 5c, d.  Threshold ionization spectra of (c) SiH3 and (d) H
obtained at 220 mTorr (1% SiH4 in He).
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observed for SiH2+ production at 28 mTorr.  The SiH2+ signal intensity is again
larger than that of Si.
As before, the SiH3+ thresholds in each case are similar, suggesting only trace
amounts of this radical.  The thresholds are identical, however, to those obtained
at the lower pressure, suggesting that vibrational excitation may not be the
explanation for the lowered threshold for SiH3+ production at the two pressures
investigated; it may, instead, be related to the electron energy distribution.  This
explanation is not necessarily inconsistent with the results for SiH2+, as the two
species are produced by different mechanisms.  The H+ “wire on” spectrum
shows a similar threshold as observed previously (~16 eV), suggesting again a
significant contribution of H2 to the signal; the signal intensities in the “wire off”
spectrum were near the detection limits for the instrument, so definitive
statements regarding this data cannot be made.
Subsequent measurements were made at lower pressures (in the range of 2
mTorr), but the signal-to-noise ratio was unacceptable for threshold analysis.
Higher pressure measurements (including the use of H2-dilution) were also
made in an attempt to preferentially produce the SiH3 radical and potentially
higher silicon species (Si2Hx).  For pressures of up to 500 mTorr, similar results to
those obtained at 220 mTorr were seen.
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Summary
For the range of pressures investigated with the threshold ionization
technique, SiH2 was the predominant radical species detected.  At a pressure of
28 mTorr, there was a trace amount of Si, while SiH3 was not detected at either
pressure.  The data at higher pressure was difficult to interpret, as threshold
energies were at higher- and lower-than-expected values.  It should be pointed
out that the higher surface reactivity of Si relative to SiH2 may reduce its
apparent abundance, given the number of collisions radicals may undergo en
route to the sampling orifice.   There was evidence for the presence of H2, but H
could not be unambiguously detected, due perhaps to the large contribution
from vibrationally excited H2.  It also appears that vibrational excitation of SiH4
can account for some of the lowered dissociation thresholds observed.  However,
the number of different mechanisms that may interfere with the desired signal
(some of which are radical dependent) make unambiguous radical
measurements difficult with this technique; this was particularly true for the
high pressure measurements here, where threshold energies were at higher and
lower than expected values.
The large amounts of SiH2 observed at low pressure were unexpected as
previous SiH4 decomposition measurements28 revealed that Si and H should be
the predominant species produced at the wire and thus observed in the gas
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phase.  However, another route for SiH2 production could have been
heterogeneous pyrolysis of SiH4 on hot surfaces other than the wire.  In
particular, the amorphous silicon-coated walls nearest the wire (~1-2 cm away)
can reach temperatures in excess of 400oC, considering the high wire
temperatures used (1900oC) and the larger surface area of the wire used for these
studies (4.7 cm2 versus 1.9 cm2).  Also, the production of SiH2 by reaction of SiH4
on amorphous silicon surfaces at these temperatures has been previously
suggested.30  The production of SiH2 at high pressures is also believed to result
from the above described process.  Primary gas-phase reactions of radicals to
produce SiH2 (e.g., Si + SiH4 = 2 SiH2) are believed to be too endothermic to occur
to a significant extent.15
Given what is known about the high surface reactivity of SiH29 and its
participation in the formation of Si2H6,4 measures to suppress this pyrolysis
reaction are desirable.  These measures should include a combination of limiting
the SiH4 residence time in the reactor (e.g., operating at higher SiH4 flow rates),
along with substrate thermal management.  In this case, the environment seen by
the film will be dominated SiH4 dissociation on the wire, rather than thermal
CVD at the substrate.
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3.3.4  Detection of Higher Silicon Species
The identification of the pressure regime in which disilicon (and larger)
species are formed is critical, as these species are a potential precursor to the
formation of particulates.  As mentioned, the earlier threshold ionization
measurements required ionizer filament currents to be lowered, at the expense of
instrument sensitivity.  For the detection of disilicon species, standard operating
conditions of 70 eV and 1000 µA were used to maximize sensitivity.  With such a
high electron energy, individual Si2Hx radicals could not be distinguished (due to
dissociative ionization), but the detection of a fragmentation pattern in the mass
range of 56-62 would provide evidence for the formation of these radicals or the
stable Si2H6.
Sampling of Si2Hx and Si3Hx species was carried out at pressures of 500 mTorr
(1% SiH4 in He) and higher, at a wire temperature of 1700oC.  No SixHy (x ≥ 2)
species were detected for pressures less than 2000 mTorr.  At a pressure of 2050
mTorr, a distribution of species in the mass range from 58-62 was observed, as
shown in Figure 6a.  These species are believed to be consistent with Si2Hx (x = 0-
6).  Species in the mass range 84-92 (Si3Hx) were not observed under these
conditions.  Experiments at pressures higher than 2050 mTorr were not possible
due to operating pressure restrictions (< 5 x 10-6 Torr) of the electron multiplier of
the mass spectrometer.
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For purposes of comparison with the Si2Hx distribution in Figure 6a, a
cracking pattern of Si2H6 was obtained.  The cracking pattern was obtained by
flowing a mixture of Si2H6 in He (~1%) into the chamber, while the mass
spectrometer was operated under conditions identical to those during radical
sampling (70 eV, 1000 µA).  Figure 6b shows the Si2H6 cracking pattern, revealing
that the distribution of species is similar.  The Si2+ and Si2H+ species are
somewhat higher in abundance in the high pressure distribution.  A comparison
of these distributions suggests that Si2, Si2H, and Si2H6 are comparable in
abundance (assuming similar electron impact ionization cross sections31) at
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Figure 6.  (a) Distribution of Si2Hx species observed at 2050 mTorr,
(b) Cracking pattern of Si2H6 within the mass spectrometer.
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pressures of 2050 mTorr.  The signal intensities for these species are less than 1%
that of monosilicon species, suggesting that their formation has little impact on
film growth.  The detection of these species is a useful indicator, however, for the
onset of gas-phase chemistry.
In consideration of the relative energies and kinetics of various reaction paths,
it is possible that the Si2H6 observed comes from the reaction of SiH2 and SiH4.  It
was demonstrated by threshold ionization measurements (section 3.3.3) that SiH2
is created in significant quantities under particular conditions where
heterogeneous pyrolysis can occur.  This radical can also be generated directly on
the wire (section 2.3.1), at an abundance of a few percent relative to Si.  The SiH2
created can react with SiH4 at sufficiently high pressures to produce Si2H6* (* =
internal energy),2 which has been estimated to have a metastable lifetime of 0.1
µs by means of this reaction path.5
The mean collision time (tcolln) under these conditions can be estimated from
the mean free path (λ) and the mean thermal speed of the gas (vth):32,33
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where n is the buffer gas (He) number density, deff is the sum of the radii of the
two colliding species, mbuffer is the mass of the buffer gas, mprobe is the mass of the
probing molecule of interest (Si2H6), k is Boltzmann’s constant, and T is the gas
temperature (estimated to be ~ 750 K).  The mean free path under these
conditions (2050 mTorr) is calculated to be 16 µm, while the mean thermal speed
is 5x104 cm/s, resulting in a mean collision time of approximately 30 ns.  This
suggests that an excited Si2H6 molecule will have at least 3 collisions with He
within its calculated metastable lifetime5 to carry away this excess energy and
stabilize the molecule.  Thus, the route of Si2H6 formation through reaction of
SiH2 and SiH4 seems plausible.
The formation of Si2 and Si2H can occur first through the insertion of Si into
SiH2:34
    Si + SiH2 = Si2H + H        (7)
which is believed to proceed at gas-kinetic rates, without a barrier.  This is
followed by
            Si2H (+M) = Si2 + H (+M)        (8)
which has a pressure-dependent rate coefficient and a modest barrier of 20
kcal/mole.34  As all three disilicon formation reactions can occur through the
reaction of SiH2, it is perhaps not surprising that they are comparable in
abundance.
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3.4 Conclusions
Residence time distribution measurements suggest the hot-wire system
behaves as a well-stirred reactor.  For conditions representative of film growth,
the average residence time (for Ar and, approximately, SiH4) was determined to
be 11 seconds.  Equilibrium calculations show that Si agglomerates (Si2H6, Si3H8)
will form under these conditions.  Thus, an adequate flow rate to limit the
residence time is necessary to prevent their formation.
Electron impact ionization of SiHx was observed in the reactor, but the yield
of ions was approximately 3 orders of magnitude less than the radical signal,
suggesting ions play little or no role in film growth; this is in stark contrast to the
typical conditions for plasma enhanced CVD.  Threshold ionization mass
spectrometry measurements revealed primarily SiH2 production, attributed to
heterogeneous pyrolysis on the hot walls of the reactor.  At high pressures, Si2,
Si2H, and Si2H6 were detected, but they are less than 1% in abundance relative to
monosilicon species.  As a result, Si2Hx do not contribute substantially to film
growth or participate in further reactions, but provide an indicator for the onset
of gas-phase chemistry (~ 2 Torr for 1% SiH4 in He).
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Chapter 4 Computations and Simulations
of Gas-Phase Processes
Abstract
The energetics and kinetics of the reaction of Si and SiH4 are investigated by
means of density functional theory and RRKM calculations.  A two-dimensional
Monte Carlo simulation was used to model gas processes and investigate such
issues as hydrogen dilution and the use of wire arrays.  To model higher
pressure conditions, a continuum simulation was used.  The effects of the choice
of buffer gas and limitations to the growth rate were studied using this
simulation.
4.1 Reaction of Si + SiH4
4.1.1 Introduction
Given the perception that the reaction of Si and SiH4 plays a crucial role in
determining the electronic properties of a-Si films,1 a more thorough
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investigation of this reaction and its products was warranted.  The conclusion
that the principal product of this reaction is H2SiSiH2 (Ref 2) was based partly on
energetic grounds, not taking into consideration the kinetics of the first step of
the reaction, Si + SiH4 = H3SiSiH*.  Based on kinetic data in Ho et al.,3 this
reaction has been estimated4 to have a rate coefficient of 107 cm3/mole-s at a
representative pressure of 75 mTorr, well below the gas-kinetic limit of order 1014
cm3/mole-s.  The pressures encountered during film growth (10-1000 mTorr) are
well below that needed for collisional stabilization of H3SiSiH*, implying that
this species will dissociate back to reactants or perhaps into other species.
The other feasible dissociation route for the energetic intermediate H3SiSiH*
is into Si2H2 + H2.  The overall reaction Si + SiH4 = Si2H2 + H2 is said to be
exothermic by 82 kJ/mole, and was predicted to proceed at gas-kinetic rates
(4x1014 cm3/mole-s) without a barrier.1  However, the kinetic data come from
shock tube measurements carried out at near atmospheric pressure conditions.
The species Si2H2 is closed-shell, with the lowest energy isomer having the
hydrogen atoms in a bond centered position [Si(H2)Si],2 rendering it less reactive
than Si.  In this regard, it could be a low reactivity film growth precursor like
SiH3, but isomerization reactions to more highly reactive species (e.g., H2SiSi)
could make it a precursor to silicon agglomerates.3
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4.1.2 Computational Chemistry Studies
First principles (i.e., ab initio) calculations were performed by Muller et al.4
using density functional theory (DFT) to investigate the possible reactions of Si
with SiH4.  Specifically, the goal was to identify whether an energetically
favorable pathway not requiring collisional stabilization exists, meaning the
reaction could be very rapid, even at the low pressures characteristic of hot-wire
CVD.  The computational details (e.g., functional, basis set used) can be found in
reference 4.  A fixed temperature of 1200 K was used for the energy calculations,
given that it is intermediate between the wire temperature (2300 K) and substrate
temperature (600 K).
There are two possible bimolecular reactions between Si and SiH4:  1)
abstraction of H from SiH4 to form SiH and SiH3, and 2) insertion of Si into a Si-H
bond of SiH4 to form H3SiSiH.  The energetics for the abstraction of an H atom by
Si from SiH4 were found to be significantly uphill (by 21 kcal/mole in energy and
10 kcal/mole in free energy), thus making the insertion of Si the more likely
process under HWCVD conditions.  Fig. 1 shows the energy profile for the
insertion of a Si atom into the Si-H bond of SiH4.  The ground spin
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Figure 1.  Energy profile (kcal/mole) for the insertion,
rearrangement, and H2 elimination process that leads to Si2H2.
state of the Si atom has triplet (t) multiplicity, while SiH4 is a singlet (s) in its
ground state, implying that the spin-conserved product will have triplet
multiplicity.  This process is predicted to occur without a significant barrier and
is calculated to be downhill in energy by 24.3 kcal/mole, and is only slightly
uphill in free energy by 1.0 kcal/mole (~ 0.5 kT) at 1200 K.
A singlet state for H3SiSiH exists which is even more stable than the triplet.
Calculations show that the singlet state is 39.0 kcal/mole in energy and 13.4
kcal/mole in free energy below the reactants at 1200 K.  The rate at which the
molecule may cross from the triplet to single state was not investigated in this
study, but it is known that collisions can mix spin states,5 so the process is likely
to be pressure dependent.
However, in either of the two states, the H3SiSiH species carries a great deal
of internal energy due to the exothermicity of the insertion process.  Unless
sufficient collisions are available to stabilize this species, it will likely dissociate
in a few vibrational periods (on the order of picoseconds) back to reactants or to
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other products.  To confirm the expectation that this species dissociates back to
reactants, calculations were performed to determine the steady-state rate
coefficient as a function of temperature and pressure for the decomposition of
H3SiSiH (t).  From this rate and thermodynamic data (from the DFT calculations),
the rate of the reverse reaction of Si and SiH4 to form (collisionally stabilized)
H3SiSiH (t) could be calculated.  The calculations were carried out with the
program ChemRate6 that seeks a solution to the so-called “master equation,”
which captures the relevant energy-transfer effects pertaining to unimolecular
decomposition reactions of this type.  Further details regarding ChemRate and
the theory on which it is based may be found in the article by Tsang et al..7
The characteristic time for the formation of collisionally stabilized H3SiSiH
(triplet) was calculated to be on the order of 10 seconds (rate ~ 0.1 s-1, or a rate
coefficient of 1x107 cc/mole-s) at a typical pressure of 100 mTorr (and a
temperature of 1200 K), significantly longer than the 10 µs transit time of this
species from the wire to the substrate in the reactor.  Therefore, Si2H4 (either as
H3SiSiH or H2SiSiH2) is not expected to be a significant product of the reaction of
Si and SiH4 under typical HWCVD conditions.
The issue remaining is to determine if other (low pressure) dissociation
pathways for excited H3SiSiH exist.  Calculations by DFT show that a significant
barrier (30 kcal/mole) exists for H3SiSiH (t) to rearrange to H2SiSiH2 (t).
However, H3SiSiH (s) shows only a small energy (2 kcal/mole) and free energy
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(1 kcal/mole) barrier to rearrange to H2SiSiH2 (s), both of which are of order kT.
At this step, the only energetically accessible dissociation pathway is H2
elimination.  Although uphill in energy from ground state H2SiSiH2 (see Fig. 1), it
remains lower in energy than the initial reactants, thus allowing the reaction to
proceed.  The overall energetics of this entire process, Si insertion in SiH4,
H3SiSiH triplet to singlet conversion, rearrangement to H2SiSiH2, and H2
elimination to produce Si2H2 and H2 are summarized in Fig. 1.  No intermediate
states with energies higher than the reactants were found, and no substantial free
energy barriers (> kT) existed.  The only unknown is the rate at which the triplet
to singlet conversion for H3SiSiH can take place.
4.1.3 Summary
The two possible outcomes of the reaction of Si with SiH4 are 1) dissociation
of the energetic intermediate Si2H4 back to Si + SiH4 (on a time scale of
picoseconds), or 2) dissociation to Si2H2 + H2.  The latter pathway will be
significant if the triplet to singlet transition is sufficiently fast.  If it is not, then it
is unlikely that Si is sufficiently reactive with SiH4 for this reaction to shield a
growing film from Si atoms, as has been proposed by Molenbroek et al.8,9  In this
event, other explanations would be required to account for the improvement
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observed in a-Si:H quality under conditions in which Si atoms undergo a few
collisions between the wire and substrate.
It is notable that the previously described radical measurements (section
3.3.4) provide evidence for the production of Si2H6 (under highly diluted silane
conditions), and not Si2H2 or Si2H4.  The pressures at which this species was
observed (~2 Torr) are into the regime that Molenbroek et al.8 described as
leading to deteriorating film quality.  The absence of other Si2Hx species could
suggest that the low pressure pathway proposed for Si2H2 generation is slow
(specifically, the H3SiSiH (t) ? H3SiSiH (s) transition) compared with the rate of
H3SiSiH (t) decomposition.  It should be noted that a high surface reaction
probability for Si2H2 and Si2H4 could explain their absence, but the closed-shell
structure for Si2H2 (in the ground state)2 in particular, coupled with the low
energies involved in the hot-wire process would suggest that it is of low
reactivity.  Thus, these results may suggest that other explanations besides the
reaction of Si and SiH4 must be invoked to explain the enhancement in a-Si:H
quality at intermediate pressures (~0.3 Torr).  It is conceivable that it is in fact the
increased production of SiH3 by reaction of H and SiH4 at higher pressures that
accounts for the improvement in a-Si:H quality.  More direct, in situ,
measurements of radical species during film growth could provide the definitive
answer.
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4.2 Gas-Phase Simulations
The simulation of the gas-phase environment of a CVD reactor can be a useful
tool in the optimization of film growth and properties.  Many “virtual
experiments” can be carried out where a number of parameters (e.g., hydrogen
dilution, wire temperature) can be varied and their effects on, for example, the
predominant radical species can be determined.  Provided that accurate gas-
phase and surface reactions are implemented, these types of simulations may be
the only way to determine the densities of the number of radicals typically of
interest.  Techniques like mass spectrometry can only determine the fluxes of
radicals to the surface, and optical techniques (although able to probe densities)
are limited in the scope of radicals they can measure within a fixed wavelength
range.
4.2.1 Direct Simulation Monte Carlo (DSMC)
Modeling
For conventional hot-wire CVD deposition conditions, gas-phase modeling is
difficult due to the transitional nature of the flow regime.  Near the wire, the
local mean free path is typically larger than the wire diameter, which prevents
the use of continuum modeling.  Far from the wire, however, species typically
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undergo a number of gas collisions prior to hitting the substrate.  If enough of
these collisions occur (~10), then the far field region can be modeled by
continuum equations.  The most effective strategy for transitional flow regimes
like this, however, is believed to be direct numerical particle-based simulations.3
Direct Simulation Monte Carlo (DSMC)10 is a technique that enables the
modeling of gas systems like that described above.  In DSMC, gas molecules are
lumped together into simulation “particles” that are allowed to move, collide,
and react with one another and with surfaces.  Rules are implemented to result in
collision and reaction rates that are statistically correct.  The flow region is
divided into cells and particle properties (e.g., momentum, energy) are sampled
and averaged once steady-state has been reached to determine the mean flow
properties for the system.3  The calculations are presumed unsteady with time as
a principal variable in the simulation; if a flow becomes steady, it will be found
as the large time state of an initially unsteady flow.  Unlike continuum-based
simulations, there is no need for initial approximations to the flow field or
iterative procedures to arrive at a solution.
The details to follow come primarily from Bird’s text, Molecular Gas Dynamics
and the Direct Simulation of Gas Flows (Clarendon Press, Oxford).10  The primary
approximations involved in a DSMC computation are 1) the number of real
molecules represented by each simulation particle, 2) the time step over which
molecular motion and collisions are uncoupled, and 3) the finite cell and sub-cell
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sizes.  Regarding the first point, DSMC simulations generally involve the use of
simulation particles that represent of order 1012, or more, molecules.  As a result,
a simulation generally involves a level of statistical scatter that is much greater
than the scatter present in the real gas.  The standard deviation of this scatter is
generally of order the inverse square root of the sample size.  Thus, for a
sufficiently large sample that is time averaged (for a steady flow) or ensemble
averaged (for an unsteady flow), an acceptable level of scatter is obtained.  The
second point refers to the criterion that the time step be much less than the mean
collision time.  The use of a single, short time step for the entire flow region that
satisfies this criterion is often computationally inefficient.  The more recent
implementations of DSMC11 have a time variable associated with each molecule
and cell that still remain consistent with the overall time variable for the
simulation.  The last point pertaining to finite cell sizes plays a critical role in
determining collision partners, as these are calculated on a cell-by-cell basis.  If
cells are chosen to be too large, then collision partners can be chosen (randomly)
that lie on opposite sides of the cell.  This can have the effect, for example, of
reversing gradients that would otherwise be present in the real gas.  Again, the
more recent DSMC code11 uses sub-cells with dimensions such that collisions
will be, effectively, nearest neighbor.
In the DSMC programs used, gas collisions are treated by means of the
variable hard sphere (VHS) model.  In this model, molecules are treated as hard
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spheres with diameters (d) that are a function of the relative velocities (cr) of the
colliding species:
 ν= )c/c(dd rref,rref         (1)
with ref denoting reference values, and ν being the viscosity-temperature (µ-T)
index:
2
1
T +ν∝µ        (2)
A simple hard sphere model predicts a µ-T exponent of 0.5, while real gases are
characteristically around 0.75.  The index (ν) can be set separately for each
species, resulting in a more realistic treatment of collision cross sections.  This
phenomenological approach to treating gas collisions has been found to result in
agreement between experiment and simulation.
To treat inelastic collisions among the simulation molecules, it is first
assumed that some fraction of the total number of collisions are completely
inelastic.  For those collisions that are treated as inelastic, the total energy
contained in the rotational modes of the molecule is determined by sampling
from the equilibrium distribution of modes particular to that total energy.
Further details regarding this model (referred to as the classical Larsen-
Borgnakke model) may be found in Bird.10  For cases in which vibrational
excitation is important, a quantum model is used for the partitioning of energy.
Because of the relative wide spacing of these levels, each can be treated as a
distinct species, with cross sections assigned to the transitions that occur between
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them during intermolecular collisions.  However, for the simulations used in this
thesis, vibrational excitation was generally ignored, as temperatures were low
enough for these levels to be relatively unpopulated.
To treat chemical reactions, a model is used that calculates reactive cross
sections to be consistent with specified rate constants.  For a specified activation
energy (Ea), a bimolecular reaction is assumed to occur between two species  if
the cumulative translational energy, along with internal energy in the molecules,
exceeds Ea.  In general, the reactive cross section may not be a constant (due to
the internal modes of the molecules) and thus, the reaction model used takes this
into account.
Gas-surface collisions can be treated in a number of ways, ranging from
complete specular reflection to classical diffuse reflection with complete thermal
accommodation to the surface.  The latter case is the preferred way to model
surfaces not exposed to high vacuum for long periods.  For modeling surfaces of
interest to CVD processes, however, only partial thermal accommodation may be
appropriate, and this can be treated by specifying what fraction of collisions are
specular.
The two-dimensional DSMC model used in this thesis takes both molecular
properties and reaction data as inputs.  Among the molecular properties
specified are, diameter, mass, viscosity-temperature index, and rotational and
vibrational degrees of freedom.  For reaction data, the program takes the
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activation energy, pre-exponential factor, temperature exponent (i.e., the “b” in
ATbexp(-Ea/RT)), and enthalpy of reaction.
Model Details
Critical to a model of the hot-wire CVD process is the inclusion of relevant
wire, surface, and gas-phase chemistry.  For the wire, the primary reactions were
assumed to be the decomposition of SiH4 and H2 into atomic Si and H.12  Silane is
assumed to decompose with a probability of 0.7,9 while H2 is assumed to
decompose with a probability of 0.14 at 2000oC, a value derived from the H/H2
equilibrium ratio.  At the surface, reactions are treated by use of sticking
probabilities taken from Perrin et al.13  The substrate is assumed to remain nearly
fully hydrogenated during the deposition process13 (valid for low enough
substrate temperatures, ≤ 300oC).  Incident H is assumed to recombine to H2,
while incident SiH3 may abstract a surface hydrogen and leave as SiH4
(probability 0.1), or be incorporated into the film with the evolution of 1.5 H2
molecules (probability 0.18).  Highly reactive species (e.g., Si) are assumed to be
incorporated into the film with a probability of 0.7, unless otherwise indicated.
An overall H balance is insured by making adjustments to the H2 flux back into
the gas for reactions involving surface hydrogen exchanges.  Appendix B
contains a summary of these wire and surface reactions.
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Simulations were initially carried out with a one-dimensional model,
developed by Goodwin,3 using a moderate-sized gas-phase reaction mechanism.
The mechanism consisted of 19 reversible reactions among 13 total species.  The
silane pyrolysis mechanism of Ho et al.5 was used, with several reactions added
involving atomic hydrogen, with rates from Woiki et al.1  These initial results
suggested that only direct reactions of Si and H from the wire with ambient
silane were significant under most HWCVD conditions.  The two gas-phase
reactions identified as being the most important were
H + SiH4 = H2 + SiH3    (3)
and
Si + SiH4 = H2 + Si2H2    (4)
and these two reactions were chosen for use with the two-dimensional code
developed by Bird.11
The first reaction produces gas-phase silyl radicals, likely an important
precursor for high-quality a-Si:H deposition due to its lower surface reaction
probability,14 and possibly important for epitaxial silicon growth for this same
reason.15  The rate coefficient was taken to be
 k1 (cm3/mole-s) = 7.8x1014 exp(-E/kT)    (5)
with E = 4491 cal/mole.1  The second reaction, which was investigated in section
in 4.1, is believed to have a rate coefficient between 2.6-4.0x1014 cm3/mole-s, with
a minimal barrier.1,16  These values were determined at relatively high pressures
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Figure 2.  Simulation domain for two-dimensional DSMC model of
the hot-wire reactor.
(>10 Torr), however, and indirectly from the decay of the Si concentration
measured by laser induced fluorescence or absorption measurements.  It was
initially unclear whether these rate coefficients were appropriate for the
significantly lower pressures involved in HWCVD.  Initial simulations used the
rate coefficient of Takahara et al.16 for reaction (2).  Later simulations will make
use of the results obtained in section 4.1, along with radical species
measurements (section 3.3.4) that suggest reaction (2) does not occur to a
significant extent under typical hot-wire conditions.  A listing of all 19 gas-phase
reactions in the original mechanism can be found in Appendix B.
Figure 2 shows a sample contour plot, illustrating the simulation domain in a
two-dimensional DSMC model of the hot-wire reactor.  This model makes use of
the program DS2V (v2.0), developed by Bird.11  The specific case modeled here is
for a feed gas consisting of pure SiH4 at a total pressure of 40 mTorr and a wire
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temperature of 2000oC, with the contours indicating the percentage of SiH4.  The
simulation domain consists of a long square channel, 5 cm on a side, with the
catalyzer (wire or plate) in the center.  Gas enters from an opening at the left, at
flow rates of approximately 90 sccm, and is exhausted to vacuum through two
small openings (of order 1 mm length, to match experimental pumping speeds)
at the upper and lower right corners.  Film growth occurs on all four surfaces (by
use of reactive sticking probabilities provided earlier), maintained at a
temperature of 300oC.
Initial Results
An initial simulation was run under experimentally relevant conditions, with
a total silane pressure of 10 mTorr, a flow rate of 90 sccm, and a wire
temperature of 2000oC (wire diameter 0.25 mm).  Figure 3 shows the species
profiles taken along the gas-inlet axis (Y=0), from the wire (X=2.5 cm) to the
substrate (X=5.0 cm).  Atomic silicon showed concentration near the wire where
it is generated, and was depleted rapidly away from the wire, due both to
reaction on the substrate and gas-phase reaction with SiH4.  The distribution of
SiH3 was broader, since it is produced in the gas by reaction of H from the wire
with SiH4.  It is notable that the simulation predicts a buildup of Si2H2.  This is a
consequence of the assumption that it is produced by rapid reaction of Si and
SiH4, but there are no equally rapid reactions included to remove it, either in the
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Figure 3.  1-D species profiles along the gas-inlet axis (Y=0) for
conditions of 10 mTorr pure SiH4, Twire = 2000oC.
gas-phase or on the surface.  These concentrations of Si2H2 are far in excess of the
experimentally observed disilicon abundance, and would result in growth rates
(even for a small reactive sticking probability of 0.03) several orders
of magnitude beyond experimentally reasonable levels (i.e., ~ 1 nm/s).  As a
result, subsequent simulations of typical hot-wire conditions (pressures < 1 Torr)
use the rate coefficient of 1x107 cc/mole-s, determined in section 4.1.2 for the
reaction of Si and SiH4.
Effect of H2 Dilution
The amorphous to microcrystalline or polycrystalline transition that occurs
upon H2-dilution (for H2 dilutions > 80%) has been well documented, with one of
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Table 1.  Conditions leading to amorphous or polycrystalline silicon growth from
Schropp et al.,22 and corresponding radical flux ratios to the surface from DSMC
simulations.  Also listed are experimental conditions from a recent study23 by the
present author.
film
microstructure
%SiH4
(in feed gas)
%H2
(in feed gas)
P
(Pa)
SiH3/Si
flux
H/SiHx
flux
a-Si:Ha 100 0 5 2.3 0.4
poly-Si:Ha 10 90 11 3.8 1.4
poly-Si:Hb 1 0 22 0.3 2.0
afrom Schropp, bpresent author; buffer gas He
the first systematic studies carried out by Conde et al.17  This transition has been
largely attributed to preferred etching of silicon from disordered sites on the
growing film surface by H.18  Other proposals have included enhancement in
growth precursor mobility on the surface and bulk changes in the material
caused by diffusing H.19,20  Hamers et al.14 have further shown a decrease in the
average surface reaction probability (β) of the radicals responsible for growth in
going from amorphous to polymorphous÷ and microcrystalline silicon.  Unclear,
however, is whether this reduction in β is due to a change in the surface
reactivity (i.e., the hydrogen coverage), the precursor identity (e.g., Si versus
SiH3), or both.14
Simulations were performed in an attempt to address this question of surface
reactivity versus precursor identity.  The conditions were chosen to approximate
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those of Schropp et al.22 for amorphous and polycrystalline silicon growth, as
shown in Table 1.  As discussed in section 4.2.1, the model assumes a fully
hydrogenated surface (valid for Tsubstr ≤ 300oC), with incident H recombining to
H2 and no H etching reactions included.  A comparison of the relative radical
fluxes (SiH3/Si and H/SiHx) can allow for inferences about whether the changes
in surface reaction probability (and microstructure) are related to the SiHx
precursor or H.
Figure 4 shows the species profiles under each of these conditions (the same
wire diameter of 0.25 mm was used).  For these simulations, the rate coefficient
determined in section 4.1.2 for the reaction of Si and SiH4 was used.  The
approximate value of 1x107 cc/mole-s for these pressures, which is several orders
of magnitude below the gas-kinetic limit, suggests that Si does not react
appreciably with SiH4 under these conditions.  The simulated profiles bear this
out, as no Si2H2 is generated under either condition.  The predominant gas
species in each case is seen to be SiH3, with the relative concentration of SiH3 and
H increasing upon H2-dilution.  The abundance of SiH3 (relative to Si) is
consistent with measured surface reaction probabilities by Hamers et al.14 for a-
Si:H deposition by hot-wire CVD.
                                                                                                                                                
÷ Polymorphous silicon results when deposition occurs near the point of powder formation, where silicon
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Figure 4.  Species profiles obtained along the gas-inlet axis (y=0) for
feed gas conditions of (a) 35 mTorr SiH4, and (b) 80 mTorr dilute
SiH4 (9:1, H2:SiH4).
The reactive flux (namely, the flux times the reactive sticking probability) of
SiH3/Si and H/(Si+SiH3) is provided in Table 1.  These numbers suggest that the
relative contribution of SiH3 to film growth also increases measurably under
H2-dilution.  An increase in the relative abundance of SiH3 is consistent with the
observed drop in average surface reaction probability going from a-Si:H to µc-
Si:H.14  Also significant is that the H/SiHx flux increases by a factor of 3 upon H2-
dilution.  These results would suggest that both the precursor and H flux are
contributing factors to the structural transition.
Table 1 also lists the computed radical flux ratios for conditions used in a film
growth experiment23 by the present author.  For this experiment, a dilute
mixture (1%) of SiH4 in He was used with no further H2-dilution.  In this case, Si
                                                                                                                                                
clusters can form; see reference 21.
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was the predominant growth species (by a factor of 3), but the H/SiHx ratio was
even larger (2.0) than in the H2-dilution case; this may be due to the
predominance of He collisions and the consequent lower production rate of SiH3.
Despite the predominance of a radical with a much higher surface reaction
probability14 (1 versus 0.1-0.4 for SiH3), polycrystalline silicon was obtained.  To
reconcile this result with the known reduction in β for the a→µc-Si transition
requires using the H flux as the explanation.  Thus, although H2 dilution may
result in changes in the SiHx radical distribution in the gas-phase, the consequent
larger H flux (which may result in surface and/or bulk modifications to the
material) is likely to be the dominant factor governing the microstructure
transition.
Use of Wire Arrays
The two-dimensional model is useful in examining such issues as film growth
rate and uniformity and the methods that can be used to improve it.  The most
straightforward method for improving film uniformity (and potentially growth
rate) involves increasing the number of filaments used.  To examine this effect,
simulations were run under feed gas conditions of 84 mTorr SiH4 (90 sccm) and
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Figure 5 (color).  Contour plots of the SiH3 concentration (atomic %)
for feed gas conditions of 84 mTorr SiH4 with (a) one wire and (b)
three wires (0.25 mm diameter).  The near-substrate region is
shown here (X = 4-5 cm) to enhance contrast.
a wire temperature of 2000oC (diameter 0.25 mm).  Figures 5a/b are contour
plots of the SiH3 concentration (atomic %) obtained with one filament (located at
X = 2.5 cm, Y = 0 cm) and three filaments (located at X = 2.5 cm, Y = 0, 1.0, -1.0
cm), respectively; the near-substrate region is shown here to enhance contrast.
With the use of three filaments, the average concentration of SiH3 (produced by
reaction of H and SiH4) is higher, due to the greater production of atomic H from
the filaments.  This overall larger concentration of SiH3, which is the
predominant growth species under these conditions, results in a higher growth
rate.  The boundaries of the flow region also have a more uniform concentration
of SiH3, which results in a more uniform flux and growth rate across the
substrate.
1 wire 3 wires
109
There is a practical limit to the number of filaments that can be used, imposed
by (a) excessive substrate heating and (b) SiH4 depletion.  For growth on low
temperature substrates like soda-lime glass, the surface temperature must be
maintained below 600oC.  For a large enough number of filaments, it is
conceivable that the surface temperature could approach this value by radiative
heating.  The second practical issue concerns the decrease in SiH4 concentration
(increased depletion) as the number of filaments increase.  For a large enough
number of filaments, this depletion could be severe enough to significantly
reduce the SiH3/Si ratio.  For situations where it is desirable to maximize this
ratio, a balance must be struck between providing enough H by SiH4 dissociation
at the filament, while not excessively depleting the SiH4 with which it must react.
4.2.2 Continuum Simulations
For gas pressures in excess of 1 Torr, where the Knudsen number (Kn) is less
than 0.01 (Kn = mean free path/characteristic length), DSMC methods become
computationally intensive, requiring more than 20 hours to achieve an
acceptably low level of statistical scatter.3  In such cases, a model employing the
continuum equations of fluid mechanics is not only appropriate (Kn < 0.1), but is
the preferred method of gas simulation.  Because of the reduced computational
demands, the full 19 gas-phase reaction mechanism (discussed in section 4.2.1)
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could be used for these simulations (with the same wire/substrate chemistry),
and it is likely that many of these additional reactions are important under these
higher pressure conditions.  Below is a description of the continuum simulation,
developed by Goodwin.24  It should be pointed out that the continuum
approximation breaks down in the near-wire region (a few mean free paths from
the wire), and the methods to handle this are also described below.
The continuum model solves the species and energy balance equations for a
cylindrical geometry (one-dimensional, with axial and angular variations
ignored), with the wire assumed to be in the center and the substrate at the
perimeter.  The equations are solved by a finite difference technique.  For a
differential element dr, the species equation (for species k) takes the following
form for this geometry:
0
)YY(
W)YUr(
rr
1 r,kdrr,k
kkdrr,kk =τ
−ρ+ω−ρ∂
∂ +
+ &        (6)
where ρ is the mass density (kg/m3), Uk is the diffusion velocity (m/s), Yk is the
mass fraction, Wk is the molecular weight of species k (kg/mole), kω& is the
destruction rate of species k by chemical reaction (mole/m3-sec), and τ is the
fixed gas residence time.
Near the wire (one mean free path - λ - away), a jump boundary condition is
used to handle the effects of gas rarefaction.  This boundary condition relates the
net flux by diffusion of species k to the surface creation/destruction rate at the
wire (derived from the user-specified wire reaction probabilities).  At the
111
substrate, a flux boundary condition is used that equates the flux by diffusion of
species k to its destruction rate (also derived from user-specified surface reaction
probabilities).
The fixed residence time employed in the continuum simulations is
determined by the characteristic diffusion time (τ) for the species of interest (e.g.,
Si):
          τ = L2/D        (7)
where L is the characteristic length — the distance between the wire and the
substrate (of order cm), and D is the molecular diffusivity:
       D = (1/3)vthλ        (8)
where vth is the mean thermal speed of the gas, and λ is the mean free path.  For
conditions of 5 Torr total pressure of dilute (1%) SiH4 in He, a diffusion time of
approximately 2 ms is calculated.  It should be pointed out that this residence
time is significantly less than the experimentally determined residence time
(section 3.2), given that a highly reactive species such as Si will typically stick
upon traveling the distance from the wire to the substrate.
The energy balance used for the continuum model consists of a solution of the
steady-state heat conduction equation, which for cylindrical geometry takes the
following form:
0)
r
Tkr(
r
=∂
∂
∂
∂        (9)
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where k is the thermal conductivity (J/m-sec-K), and T is the temperature (K).  A
temperature jump boundary condition25 is used at the wire to handle rarefaction.
This boundary condition takes the form:
r
T
a
a2TT 0rwire0r ∂
∂λ−=− ==      (10)
where Tr=0 is the gas temperature at r = 0, Twire is the wire temperature, a is the
thermal accommodation coefficient (extent to which reflected molecules assume
the temperature of the surface; the wire in this case), and λ is the mean free path.
The temperature at the substrate is user specified and acts as the other boundary
condition.
The continuum model interfaces with Chemkin26 for the determination of
kinetic, thermodynamic, and transport properties.  For further details, the
interested reader may consult reference of Goodwin.24
Choice of Buffer Gas
Simulations were carried out to determine the effect, if any, of the choice of
buffer gas (Ar versus He) on the resulting gas species distributions.  Differences
were noted only for pressures above 5 Torr.  Figure 6 shows the species profiles
for conditions of 5 Torr pressure (1% SiH4) with He (a) and Ar (b) as the buffer
gas, for gas residence times of 2 ms in each case.  The reaction of Si and SiH4 to
produce Si2H2 was included, as the study by Takahara et al.16 indicates this
reaction is near gas-kinetic in this pressure regime.  The most significant
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Figure 6.  Gas species profiles obtained with the continuum
simulation for dilute (1%) SiH4  at 5 Torr pressure in (a) He and (b)
Ar for a residence time of 2 ms in each case.
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difference between these profiles lies in the relative abundance of Si2, which
increases by more than an order of magnitude in abundance when Ar is used
rather than He.  The Si2 species is produced by a three-body reaction between
two Si atoms and a third body collision partner to carry away the excess energy
for this highly exothermic reaction:
Si + Si (+M) = Si2 (+M)                   (11)
Si2 may also be produced by the unimolecular decomposition of Si2H2:
        Si2H2 (+M) = Si2 + H2 (+M)      (12)
Such a substantial increase in Si2 upon switching to Ar suggests that it acts as a
better collision partner for this reaction, primarily because of the larger cross
section for Si-Ar versus Si-He collisions.
 This increase in Si2 concentration is significant as this species is an indicator
for the onset of gas-phase polymerization and particulate formation, which is
believed to be deleterious to film properties.  Although potentially even more
reactive than Si, with a surface reaction probability greater than 0.7, Si2 was not
included as a growth species for these simulations, given the lack of literature
data.  Given that no further reactions of Si2 with monosilicon species were
included in the reaction mechanism, this omission would not affect their relative
abundances.  It is worth noting that the relative abundance of Si2 (1%) compared
with Si agrees well with the high-pressure radical measurements described in
section 3.3.4.  If the reactivity of Si2 is comparable to Si, the Ar-dilution case
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indicates Si2 could be a major growth species.  These results would then suggest
that for high-pressure growth in a diluted SiH4 ambient, a lighter buffer gas is
preferable.
Limits to the Growth Rate
For purposes of maximizing throughput in an industrial application of
HWCVD, it is desirable to know the limitations imposed on the film growth rate.
The most straightforward method for increasing the growth rate is to increase
the total gas pressure.  At some pressure, however, gas-phase polymerization
will start to become significant, as described in the previous section.  The goal of
the following simulations is to identify the pressure regime in which the growth
rate starts to saturate with respect to pressure, due to polymerization.
Figure 7 shows the film growth rate as a function of pressure (from 0.1-100
Torr) for dilute and pure SiH4 conditions.  As it is the high pressure limit to the
growth rate that is of interest here, the formation reaction of Si2H2 was included
(i.e., Si + SiH4 = Si2H2 + H2), using the high pressure gas-kinetic rate constant
(1014 cc/mole-s).  The lowest pressure was bounded by the validity of the
continuum approximation.  The pressure spans the region from where Si2H2 is
not believed to form in appreciable amounts (P < 1 Torr, section 3.3.4) to that at
which the reaction is believed to be gas-kinetic16 (P > 10 Torr).  Selected
experimental data for dilute8 and pure9,22 SiH4 conditions were also included in
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Figure 7.  Growth rate as a function of pressure, determined from
the continuum model.  Conditions of dilute (1%) and pure SiH4 are
simulated.  Selected experimental growth rates from the literature
are included as a reference; Ref. [9] Molenbroek et al. (1997), Ref. [8]
Molenbroek et al. (1996), Ref. [22] Schropp et al. (1997), Ref. [27] B.P.
Nelson et al. (2002).
Figure 7 as a reference.  For these simulations, the reactor residence time (τ) was
increased in proportion with the pressure to reflect the increase in the
characteristic diffusion time (from the wire to the substrate) with pressure.  Also,
the disilicon species (Si2H2 and Si2) were not included as film growth species for
the reasons cited previously.  Thus, a saturation in film growth rate with respect
to pressure is an indication that these species are becoming significant in
abundance relative to SiHx.
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Such a saturation is apparent for the dilute SiH4 simulation case illustrated in
Figure 7, with an onset of approximately 20 Torr, attributed to a buildup in Si2
concentration (most of the Si is already bound in Si2H2).  It is noteworthy that the
simulation underpredicts the growth rate at low pressures, as is seen by
comparison with the experimental data point.  This is attributed to the
assumption that Si2H2 is not a film growth species.
Under pure SiH4 conditions, a saturation is observed at 0.5 Torr, with a drop
in growth rate above this pressure.  This behavior is attributed to the buildup in
Si2H2 , which eventually exceeds the concentrations of the growth species Si and
SiH3; at these lower total pressures, the formation of Si2, requiring a third-body, is
unlikely.  The simulation shows agreement in growth rate with an experiment
conducted at a SiH4 pressure of 0.1 Torr.  Finally, these simulations suggest that
the limits in growth rate (where disilicon formation is to be avoided) are
approximately 10 nm/s for dilute SiH4 condtions, and 50 nm/s for pure SiH4
conditions.
4.3 Conclusions
The most energetically accessible pathway for the reaction of Si and SiH4 was
proposed, involving the formation of Si2H2 and H2.  This reaction could proceed
at the low pressures characteristic of hot-wire CVD, but only if an intermediate
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spin state transition is sufficiently fast.  Experimental mass spectrometry
measurements suggest this transition may be too slow to proceed, as there was
no clear evidence for the presence of Si2H2.
DSMC simulations predicted that the predominant growth species produced
under conditions leading to amorphous and polycrystalline growth was SiH3,
with the flux ratios SiH3/Si and H/SiHx increasing upon H2 dilution.  Of the two
ratios, the H/SiHx flux appears to be the more likely in accounting for the
amorphous-to-microcrystalline transition that occurs upon H2 dilution.  The two-
dimensional DSMC simulation revealed an increase in SiH3 concentration and
improvement in flux uniformity by increasing the number of filaments from 1 to
3.
Continuum simulations predict a buildup of Si2 for total pressures of order 1
Torr, at levels comparable to those observed by mass spectrometry.  With the use
of a larger buffer gas such as Ar, the concentration of this species increases
significantly.  Finally, simulations also predict that if disilicon species formation
is to be suppressed, the maximum attainable growth rate for dilute (1%) silane
conditions is 10 nm/s, while for pure SiH4 it is 50 nm/s.
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Chapter 5 HWCVD of Silicon Nitride
Abstract
The stoichiometry and hydrogen content of hot-wire-grown silicon nitride was
examined as a function of SiH4/NH3 flow ratio.  The effect of post-deposition
hydrogenation treatment on overall film hydrogen content was determined.  The
hydrogen release properties in Si-rich and N-rich nitride layers were examined
under various annealing treatments.  Defect hydrogenation was then studied
using attenuated total reflectance FTIR spectroscopy on platinum-diffused silicon
substrates.  Hot-wire nitride layers were deposited onto diffused emitter String
Ribbon silicon substrates, producing cells with comparable JSC, VOC, FF, and
efficiency to those fabricated using plasma CVD nitride layers.
5.1 Introduction
Silicon nitride (SiNx) has been widely used in the semiconductor industry as a
lithographic mask and gate dielectric.  The low deposition temperature possible
for SiNx is particularly advantageous for gate dielectric applications, avoiding
the problems of impurity diffusion that can occur at conventional processing
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temperatures.1  For photovoltaic applications, silicon nitride acts as an effective
anti-reflection (AR) coating due to its high refractive index (2.0-2.5).  These films
may also serve as passivation coatings for surface and bulk defects in the
underlying silicon, due to the large fraction of hydrogen that may be
incorporated (up to 25 atomic %)2 and subsequently released during annealing
treatments.  It is noteworthy that for gate dielectric applications, completely
different requirements for the SiNx layer are necessary.  In particular, a low
hydrogen content (a few atomic %) is desirable due to the requirements of high
resistivity and high breakdown field strength.1
The conventional means for depositing silicon nitride films uses plasma
enhanced chemical vapor deposition (PECVD).  As compared with other
methods, such as atmospheric pressure CVD (APCVD) or low pressure CVD
(LPCVD) that involve substrate temperatures in the range of 700-1000oC, PECVD
allows for low temperature (<500oC) growth.3  Such low temperatures have
enabled SiNx growth to occur after the metallization step in conventional solar
cell processing.4
Another promising technique for low temperature SiNx growth is hot-wire
CVD (HWCVD), also known as catalytic CVD (Cat-CVD).5  As compared with
PECVD, HWCVD offers the advantages of high deposition rate,6 due in part to
its higher gas utilization.7  In addition, it has been demonstrated that the process
is compatible with large area deposition by careful design of gas delivery and
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filament geometry.8  Recent work on SiNx growth by HWCVD has focused on
gate dielectric applications,1 with one group fabricating a thin-film transistor
made entirely by this technique.9  The work to be described aims to use HWCVD
of SiNx for photovoltaic applications, with particular attention paid to the
refractive index and hydrogen content of the films.
5.2 Experiment
The system used in the deposition of SiNx is a high vacuum chamber with a
10-9 Torr base pressure, as illustrated in Figure 1 from section 2.2.  Source gases
consisted of SiH4 (diluted to 1% in He), NH3, and H2 (used for post-deposition
treatments). The gases are introduced through an inlet and decomposed on a W
wire (0.5 mm diameter, 12 cm length, 1800oC temperature).  Gas flow rates range
from 4-48 sccm, SiH4/NH3 ratios vary from 0.01-0.08, and pressures were
between 20-100 mTorr.  The substrate holder is located approximately 5 cm from
the wire, and a shutter is used to protect substrates from the evaporation of
impurities from the wire during its initial heating; growth temperatures were
approximately 300oC for this study.  The substrates used were lightly doped p-
type (350 W-cm), double-side polished, float-zone Si.  Substrates went through a
standard preparation treatment consisting of 1) sonication in acetone/methanol
for 10 minutes each to degrease the substrates, 2) UV-ozone treatment for 10
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minutes to remove residual hydrocarbons, and 3) dip in 5% hydrofluoric acid (in
H2O) to remove the thermally grown oxide and to H-terminate the surface.  The
substrate heater was replaced by a quadruople mass spectrometer for
experiments aimed at measuring the abundance of radicals desorbed from the W
filament at the substrate position.
5.3 Results
5.3.1 NH3 Decomposition
As a means to probe the kinetics of NH3 decomposition on the wire, low
pressure radical species measurements were made using a quadrupole mass
spectrometer with the capability of tunable electron energy for selective radical
ionization.  This method is detailed in another study by these authors10 and in
section 2.2 of this thesis.  An electron energy of 13 eV was chosen for these
measurements, as it lies 2-3 eV above the ionization potentials of NHx (x = 0-3)
species, but is 2-3 eV below the appearance potentials of NHx+ (x = 0-2) from
NH3.11  Under these conditions, selective ionization of wire-produced NHx (x =
0-2) radicals can be achieved.  Figure 1 shows a mass spectrum of the NHx
species measured from the wire under conditions of 3 x 10-6 Torr NH3, at a wire
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Figure 1.  Low pressure radical measurements probing NH3
decomposition.
temperature of 2100oC.  Even at such a high temperature, there is an extremely
small yield of NH2 from NH3 decomposition.  Relative to the decomposition
probability of SiH4 at a similar temperature, NH3 is almost a factor of 100 less.
This suggests that to produce stoichiometric (Si3N4) films, the feed gas must
contain SiH4 in a large dilution of NH3, a common observation in the growth of
these films.1,9  The intensity of the NH2 yield was also measured as a function of
wire temperature, from 1550-2100oC, and is illustrated as an Arrhenius plot in
the inset of Figure 1.  These data yield an approximate activation energy of 31
kcal/mole for the NH3 decomposition reaction:
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             NH3 + W = NH2 + W-H                                          (1)
where “W” represents a bare surface site on the tungsten wire, and “W-H” is a
hydrogenated surface site on the wire.  This measured activation energy is
significantly smaller than the known N-H bond dissociation energy of 93
kcal/mole,12 indicating that like the hot-wire decomposition of SiH4 to SiH3,10
the decomposition reaction of NH3 to NH2 is catalyzed by the tungsten filament.
5.3.2 Initial Film Growth Results
SiNx films were initially prepared at a SiH4/NH3 flow ratio of 0.018 (16 sccm
1% SiH4 mixture, 8.7 sccm NH3), 20 mTorr total pressure, and a substrate
temperature of 280oC, with a growth time of 60 minutes.  Resulting films were
analyzed with a single wavelength (633 nm) ellipsometer, yielding a thickness of
185 nm and refractive index of 1.8.  Subsequent analysis was performed using X-
ray Photoelectron Spectroscopy (XPS) to gain insight into the bonding structure
of the film.  Figure 2 shows the XPS N 1s spectra for the above described film
grown by HWCVD and a standard (stoichiometric nitride) grown by
conventional PECVD (50 nm Si3N4 on Si substrate).  Evident from this figure is a
0.8 eV core level shift for the hot-wire film, relative to the plasma-grown film.
These shifts to higher binding energy are consistent with a change from the
stoichiometric N-Si3 structure to a N-Si2 bond structure, with the remaining bond
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Figure 2.  XPS N 1s spectra for films grown via hot-wire and
plasma CVD.
either dangling or to hydrogen.13  The relative percentage of oxygen was larger
in the HWCVD film versus the PECVD film, suggestive of SiO2, and an
examination of the Si signal yielded a Si/N ratio of approximately 1.3.  These
results suggest that the film was a combination of SiO2 and SiNx, possibly a
silicon oxynitride (SixOyNz).
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5.3.3 Variation of SiH4/NH3 Flow Ratio
Prompted by the results indicating that the initial growth conditions led to a
film of low index (1.8), a series of different SiH4/NH3 flow ratios were used to
examine the effects on film properties.  The films to be described were grown at a
substrate temperature of 300oC for a period of 40 min, with a wire temperature of
1800oC and a total pressure of 100 mTorr.  Figure 3 provides the Fourier
Transform Infrared (FTIR) transmission spectra for a series of four SiNx films
grown under different SiH4/NH3 flow ratios: 0.01, 0.02, 0.04, and 0.08.  Figure 4
shows the thickness-normalized spectra for the same films, focusing on the
hydrogen-containing features.  Table 1 provides the flow rates used for film
growth (QS = SiH4 mixture flow rate, QN = NH3 flow rate), as well as the
resulting film thickness (t) and refractive index (n).  The most prominent feature
in the transmission spectra of Figure 3 is the Si-N absorption around 860 cm-1; the
breadth of this feature suggests that the SiNx films are amorphous.  Evident from
Figure 4 is that the majority of H is bound to N for the 0.01, 0.02, and 0.04 flow
ratios, however the H is mostly bound to Si at a flow ratio of 0.08.  For the 0.01,
0.02, and 0.04 cases, it is likely that the H observed comes from NH2 species
produced at the wire.  For the 0.08 case, the H of the film likely results from
atomic H (produced by SiH4 decomposition) passivating Si dangling bonds
present in the growing film.
Using absorption cross sections provided by Lanford and Rand,2 an estimate
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Figure 3.  FTIR spectra for films grown under different SiH4/NH3
flow ratios.
of the hydrogen concentration in the various films could be obtained.  The range
of values obtained by this method was 0.9-1.5 x 1022 cm-3 (~ 10-18 at. %), although
the degree of uncertainty associated with these measurements (due to the
baseline determination) prevents the determination of whether there is a trend in
hydrogen content with respect to flow ratio.  Other trends are noticeable from
Table 1.  The growth rate is proportional to the product of the SiH4 and NH3 flow
rates.  Also, the refractive index increases from 1.8 up to 2.5 as the flow ratio
increases from 0.01 to 0.08, with the 0.04 flow ratio being closest to stoichiometric
silicon nitride (2.0).  Finally, Figure 3 reveals that the 0.01 flow ratio film has a
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Figure 4.  Normalized FTIR spectra of the same films as in Figure 3.
Table 1.  Film growth conditions and resulting thickness/index.
SiH4/
NH3
QS
(sccm)
QN
(sccm) t (nm) n
0.01 8 8 62 1.8
0.02 16 8 128 1.8
0.04 32 8 287 1.9
0.08 32 4 129 2.5
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prominent Si-O-Si feature that is diminished or absent in films grown at higher
flow ratios.
To complement these FTIR measurements, Rutherford Backscattering  (RBS)
and Hydrogen Forward Scattering (HFS) measurements were made to determine
the stoichiometry and hydrogen content (with greater accuracy) of a select
number of SiNx films.  The films chosen for analysis were the 0.01 and 0.08 flow
ratio films, in addition to two films grown at a flow ratio of 0.06 (all other
conditions identical),† one of which was subjected to a post-deposition H2
treatment.  The post-deposition H2 treatment was carried out under conditions
identical to SiNx deposition, but with the replacement of SiH4 and NH3 with H2
at the same 100 mTorr total pressure.  The rationale for this treatment was to
determine whether additional H (produced by H2 decomposition on the wire)
could be incorporated into the as-grown SiNx.
Table 2 provides a summary of the RBS, HFS, and FTIR film analysis.  As
expected, the RBS data reveal an increase in the Si/N ratio in the film as the
SiH4/NH3 flow ratio increases.  All values are greater than the value of 0.75
expected of stoichiometric silicon nitride, although the value of ~ 1 obtained with
a flow ratio of 0.01 is attributed to the presence of SiO2.  There is a slight decrease
                                                
† FTIR analysis of the 0.06 flow ratio films revealed that H was bonded predominantly to Si, as in the 0.08
case.
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Table 2.  Summary of RBS and HFS film analysis.
SiH4/
NH3
t (nm) n Si/N[RBS]
[H] (at.%)
[HFS]
atomic
density (cm-3)
[RBS]
oxygen
content
(at%)
0.01 62 1.8 0.99 9.3% 8.2x1022 23%
0.06 209 2.2 1.3 16% 7.5x1022 0%
0.06
+H2
185 2.1 1.1 16% 8.4x1022 0%
0.08 129 2.5 2.2 18% 6.2x1022 0%
in the Si/N ratio after the post-deposition H2 treatment, suggesting an etching
effect of H on the Si of these Si-rich films.  Revealed by HFS is an increase in the
overall atomic percentage of H as the flow ratio (or Si/N ratio) increases,
supporting the idea that SiH4 is the primary source of H under these growth
conditions.
Interestingly, the post-deposition H2 treatment appeared to have little effect
on the atomic percentage of H in the film, and may only have served to etch the
Si-rich film.  The films also exhibited a decrease in atomic density (as determined
with RBS, using the known film thickness) as the proportion of Si/N increased,
consistent with the considerably larger covalent radius of Si.2  The film subjected
to the H2 treatment showed an increase in atomic density, suggesting that H
etched excess Si from the film, and then densified.  Finally, it is noteworthy that
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the 0.01 flow ratio film contains a large percentage of oxygen (23%), while it is
below the detection limit in films grown at higher flow ratios.  This result is
consistent with the earlier FTIR measurements showing an Si-O-Si feature in the
0.01 flow ratio film.  It has also been observed by Stannowski et al.,9 using similar
techniques, that nitride films deposited with a small flow ratio of 0.02 undergo
post-deposition oxidation, likely due to absorption of H2O molecules.  The
authors infer that films grown under these conditions must be porous to allow
for H2O absorption.
5.3.4 Annealing of Hydrogenated SiNx
For applications where hydrogenated SiNx is to be used as a passivation
coating, the mobility of bound hydrogen is critical because the degree of
passivation (as measured in minority carrier lifetime) is thought to depend on
the amount of hydrogen released from the SiNx film into the underlying Si
substrate.14  In order to observe the effects of H release from N versus Si, the 0.02
and 0.08 flow ratio films from the previously described films were selected.
Following a similar experimental approach as taken by Yelundur,14 we chose to
anneal each of these films for 5 minutes at temperatures of 400oC, 600oC, and
800oC.  Between each anneal, the sample was allowed to cool to room
temperature, after which FTIR measurements were made to monitor to release of
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H from the SiNx film.  Figure 5 shows the FTIR spectra at the various annealing
temperatures for each of these films, along with an estimate of the H
concentration, determined by the aforementioned method of Lanford and Rand.2
Figure 5a shows a steady reduction in the H bonded to N (0.02 flow ratio film) as
the anneal temperature is increased, with an overall reduction of 70% after the
800oC anneal.  Figure 5b reveals only a slight reduction in the H bound to Si (0.08
flow ratio film) up to 600oC, with a drastic reduction of 80% after the 800oC
anneal.
These results are in qualitative agreement with results of Boehme et al.15  For
films deposited with a small flow ratio SiH4/NH3 (N-rich), the activation energy
for the H-bond concentration reduction was 450 meV, while it was 800 meV for
large flow ratios (Si-rich).  The larger activation energy for films grown at large
flow ratios is consistent with the observation that higher temperatures were
required for H-loss to occur in such films.  For N-rich films in which there are
few Si-H bonds available, the H-loss mechanism was proposed to be:15
eV43.0E,NHNSi2HN2HNSi 32 −=∆+−=−+−                               (2)
where NH3 is the diffusing, H-carrying species.  Conversely, in Si-rich films
where there are few N-H bonds available, the loss mechanism is likely to be:15
eV49.0E,SiSiHHSi2 2 −=∆−+=−        (3)
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Figure 5.  FTIR spectra at various annealing temperatures (5 minute
anneal at each temperature) for (a) film grown with a flow ratio of
0.02 SiH4/NH3, and (b) film grown with 0.08 SiH4/NH3;
corresponding hydrogen concentrations at each temperature are
listed.
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As this second reaction is slightly more energetically favorable, it would be
expected to result in a larger degree of H-loss for the same annealing treatment.
Indeed, the Si-rich film showed an 80% reduction in H-content, compared to the
70% observed with the N-rich film.
5.3.5 Multiple Internal Reflection FTIR:  Hydrogen-
Defect Passivation
The previous section demonstrated that large fractions of bound hydrogen
can be liberated from silicon nitride films upon annealing.  Questions remain,
however, about whether this hydrogen is simply released into the environment
(as H2) or is driven into the bulk c-Si beneath.  To investigate this issue, the
technique of Multiple Internal Reflection FTIR (MIR-FTIR) was used.  This
technique involves passing an infrared beam through a sample with a prism
geometry, at an angle exceeding the critical angle for total internal reflection, as
illustrated in Figure 6.16  This internal reflection results in a much longer
absorption path length (~ cm) than a straight through transmission
measurement, allowing trace vibrational features to be detected.  In addition,
operation near liquid-helium temperatures can enable 0.35 cm-1 resolution17 and
reduce interference from phonon modes of the bulk Si.
138
Figure 6.  Schematic of Multiple Internal Reflection technique used
to probe hydrogenation of defects.
The specific features being examined were platinum-hydrogen complexes (Pt-
H, Pt-H2) and vacancy-hydrogen complexes (V-Hx, x=1-4).  Platinum-hydrogen
complexes have been well studied, with their vibrational features and charge
states assigned.17  Platinum is also a representative transition-metal impurity that
may be present in Si and can act as a sink for H.  Vacancies are one of the most
important intrinsic defects in Si18 and their hydrogenated complexes have also
been well studied.19  The formation of such complexes has profound effects on
the optical properties of the material,19 and thus, their observation would
provide strong evidence in favor of passivation induced by H-release from the
nitride coating.
A series of four float zone Si samples were analyzed by our collaborators
Jiang and Stavola:20 1) p-type with [B] = 2x1015 cm-3 and Pt impurities (prepared
by high temperature diffusion at 1250oC to a level of 1017 cm-3), 2) n-type with [P]
= 3x1016 cm-3 and Pt impurities of the same level, 3) p-type of the same dopant
level with no impurities, and 4) n-type of the same dopant level with no
defect layerhydrogenated SiNx layer
incident light
θ
Si prism
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impurities.  A Pt-diffusion was chosen to create a sink for H-atoms and evaluate
what fraction of the H leaving the nitride film diffuses into the c-Si substrate
beneath.  For those substrates that were undiffused, it was thought that the
native vacancies in the doped Si could act as H atom sinks.  Different dopants
were used because of the known greater abundance of vacancies in p-type versus
n-type Si.18
The Si samples underwent the same cleaning/etching procedure described in
section 5.2.  Then, a nitride coating of approximately 86 nm, with an index of 2.30
(Si-rich), was deposited at 300oC on all four samples by HWCVD.  Previous
results (section 5.3.3) showed a H-content in the range from 16-17 atomic % for
films with this index.
The nitride coated samples were then measured by FTIR, revealing no H in
the bulk.  Samples were subsequently annealed at temperatures of 400oC, 500oC,
600oC, and 700oC for 10 minutes, between which FTIR measurements were made.
Figure 7 shows the FTIR spectra of the p-Si Pt-diffused sample at the various
annealing temperatures.  Peaks on the left are attributed to Pt-H complex
formation, originating from the H-released by the nitride layer (the Si-H is
shown by the peaks on the right side of the spectra).  There was no evidence for
the formation of Pt-H complexes after the 400oC anneal; however, anneals at the
higher temperatures show the appearance of Pt-H in the bulk.  It is worth noting
that Pt-H is thermally stable up to about 650oC,21 and thus anneals carried out at
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Figure 7.  FTIR spectra for p-Si Pt-diffused sample obtained by the
ATR technique; leftmost peaks are attributed to the formation of Pt-
H complexes, while those on the right come from the Si-H of the
nitride top layer.
higher temperatures show a reduction in this feature, presumably due to out-
diffusion of H2 from the sample.  The temperature dependence observed for the
appearance of the Pt-H complex is consistent with the H-release behavior from
the nitride film previously discussed (5.3.4); specifically, Si-rich nitride layers
show little H-release until a temperature of 600oC.  From Figure 7, the H-loss is
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estimated to be 5% of the total at 600oC, while the total loss is 23% after the 700oC
anneal.
From previous calibration17 of the intensity of the Pt-H lines, a Pt-H
concentration of 5.8x1012 cm-2 is determined for the 600oC anneal (the areal
concentration of Pt, in cm-2, is proportional to the area of the IR absorption line).
This amount represents only 0.15% of the H released from the nitride layer at this
temperature (which itself is only 5% of the total present in the nitride).  After the
700oC anneal, the Pt-H concentration drops to 4.9x1012 cm-2.  Through successive
thinning of this sample to monitor H introduction, the Pt-H concentration is
found to drop to 3.1x1012 cm-2 at a depth of 390 µm.  This, in turn, leads to a bulk
Pt-H concentration of 5x1013 cm-3.  Assuming a uniform distribution of H
throughout the sample, a hydrogenated layer thickness of 1.1 mm is calculated.
The n-type Pt-diffused sample showed similar characteristics as the p-Si
sample, but with approximately a factor of two lower H-incorporation into the
bulk.  In both the diffused and undiffused samples, there was no evidence for
vacancy-H complexes.  It is possible that such complexes would be observed in
samples that underwent Al-alloying on the backside.  This alloying is believed to
produce vacancies at the backside that can migrate and increase the chemical
potential gradient for H into the bulk Si, in addition to assisting in the
dissociation of molecular hydrogen.14  As a result, samples that undergo a “co-
firing”, where the Al-back contact is formed and the nitride film releases H
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simultaneously, have produced significant enhancements in minority carrier
lifetime, attributed to the synergy between these two processes.14
No B-H or P-H complexes were observed in any of the four samples
analyzed.  The former is believed to be unstable under the high annealing
temperatures used here,22 while the latter has only been observed in samples
treated by a H plasma.22
When compared with the Pt bulk concentration of order 1017 cm-3, it is seen
that approximately 0.1% of the Pt is passivated in the Pt-diffused samples.  This
degree of passivation is approximately one order of magnitude lower than that
observed for wet chemical methods of hydrogenation,17 but it is possible that
some of the H lies in other defects that were not probed or are inaccessible by
this FTIR technique.  The question that remains is whether this level of defect
hydrogenation can result in significant enhancement in minority carrier lifetime.
Results of Rohatgi et al.23 suggest that the degradation threshold (i.e., the
impurity concentration level at which solar cell performance starts to degrade)
for a number of metals such as Cr, Mn, Fe, and Ni is of order 1014 cm-3 or lower.
Thus, it is conceivable that this process, even without further enhancement by
Al-alloying, may improve minority carrier lifetime in a solar cell.
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5.3.6 Silicon Nitride Deposition onto String Ribbon
Silicon Substrates
It is clear from the preceding section that H-defect passivation occurs to some
degree during annealing of nitrided Si samples.  The remaining questions are 1)
what effect this annealing treatment has on the electronic properties of a
resulting solar cell, and 2) how hot-wire CVD nitride films compare with their
plasma CVD counterparts.  The first question will be addressed later in this
section.  To answer the second question, hot-wire nitride films were deposited
onto String Ribbon24 substrates provided by Evergreen Solar, Inc. (Marlboro, MA).
The samples were p-type (resistivity of 3 Ω-cm), with a thin phosphorous-
diffused n-type layer on top.  Due to the large area of the substrates used (15 cm
x 8 cm), a filament array had to be used to achieve thickness uniformity, and is
illustrated schematically relative to the substrate in Figure 8.  Further description
of this filament array can be found in Appendix A.  It has been observed8 that if
the filament spacing is at most half the filament-to-substrate distance, then there
is little non-uniformity associated with the filament array.  With this design
criterion in mind, the 20 cm long filaments were spaced a maximum of 2 cm
apart, with a wire-to-substrate separation of 5 cm.  It is worth noting that the
wire array DSMC simulations of section 4.2.1 predicted the same optimal wire
spacing.  The initially grown sample shown in Figure 8 was still slightly non-
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Figure 8.  String-ribbon silicon substrate with an illustration of the
relative location of the filament array.  The array is spaced 5 cm
from the substrate, with a maximum filament spacing of 2 cm.
Select points are shown with their apparent color, thickness, and
index of refraction, determined by ellipsometry (at a wavelength of
633 nm).
uniform, with a 200 Å thickness variation from center to edge in the long
direction (center thickness of ~ 800 Å); there was no thickness variation,
however, in the short direction.  Subsequent samples were made more uniform
in thickness (variation of ~ 100 Å) by translating the sample across the wire array
over the course of deposition.  The remaining thickness nonuniformity can be
attributed to lower wire temperatures near the ends of the array (due to
15 cm
purple: 617Å, 2.03
light blue: 828Å, 2.02
dark blue: 729Å, 2.03
filament array
8 cm
2 cm
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conductive heat losses to the wire spacers), as the desorption rate of film
precursors decreases exponentially with wire temperature.
Three nitride samples with an average center thickness of 830 Å were chosen
for subsequent processing by Evergreen Solar, Inc.  The nitrided samples had a
thick film of a commercially available aluminum paste deposited on back, and a
front Ag grid of commercially available Ag paste was deposited on the nitrided
surface.  The samples were then annealed in a belt furnace using a “slow firing”
process (peak temperature of 700oC with a peak dwell time of 30 seconds) to
sinter and form the contacts as well as to release H from the nitride layer. The
cell's electrical properties were then measured.
Table 3 provides the short circuit current density (JSC), open circuit voltage
(VOC), fill-factor (FF), and efficiency (η) for the best hot-wire (HW) nitride cell
versus the best plasma nitride cell (using the same “slow firing” anneal process)
produced by Evergreen Solar, Inc.  The hot-wire nitride cell is comparable in all
electrical properties (with the exception of JSC) to the plasma nitride cell.  As JSC
should increase with the degree of defect passivation, further improvements
might be expected with the use of more uniform nitride coatings.
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Table 3.  Comparison of electrical properties for hot-wire versus
plasma nitride cells.
cell type JSC (mA/cm2) VOC (mV) FF η (%)
HW nitride 29.99 579 0.712 12.4
plasma nitride 30.92 584 0.709 12.8
5.4 Conclusions
It was demonstrated that the decomposition rate of NH3 on tungsten is low
relative to SiH4, explaining the large excess flow of NH3 needed to produce
stoichiometric silicon nitride films.  The NH3 decomposition reaction is catalyzed
by the wire, with an activation energy of 31 kcal/mole.  Varying the ratio of
SiH4/NH3 from 0.01-0.08 produced films ranging in refractive index from 1.8-2.5,
with hydrogen content ranging from 9-18 atomic %.  Transmission
measurements using FTIR revealed a transition in the bonding of H (going from
N to Si) in SiNx as the flow ratio was increased beyond 0.06 SiH4/NH3.  As this
ratio was increased, the overall H-content increased in the film, suggesting that
SiH4 is the primary source of H under these conditions.  A film deposited with a
low flow ratio of SiH4/NH3 of 0.01 revealed a prominent Si-O-Si feature
suggesting oxidation, a result further confirmed with RBS, indicating 23%
oxygen incorporation in the film.
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Post-deposition H2 treatments were found to have little impact on the overall
atomic percentage of H in the film, but did appear to have an etching effect with
the Si-rich samples used.  Annealing studies revealed different kinetics for H
release from Si versus N, consistent with experimental results from the literature.
Samples consisting of a thin hydrogenated nitride layer on a platinum-diffused
silicon substrate were analyzed by MIR-FTIR techniques.  Platinum-hydrogen
complexes were observed in the bulk silicon after annealing treatments similar to
those for which hydrogen loss was observed in the nitride layer.  The bulk
concentration of these complexes was estimated to be of order 1014 cm-3,
potentially significant enough to improve the minority carrier lifetime in a
fabricated solar cell.  No dopant-hydrogen or vacancy-hydrogen complexes were
observed in the samples analyzed.  Finally, photovoltaic cells produced with hot-
wire-grown silicon nitride layers show comparable electrical properties to those
produced with plasma nitride layers.
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Chapter 6 In situ Silane Generation by
Hot-Wire Atomic Hydrogen
Etching of Solid Silicon
Sources
Abstract
Experiments aimed at selective hydrogen etching of a cooled silicon target to
generate silane and deposit a silicon film onto a heated substrate are described.
Crystalline silicon was found to be unsuitable as a target material, in agreement
with a number of reports in the literature.  Selective etching and net growth was
only possible with the use of an amorphous silicon target, for which etch rates of
up to 2.5 nm/min were measured.  A design modification that may enable the
use of crystalline silicon targets is described.
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6.1 Introduction
The etching effect of atomic hydrogen on amorphous and crystalline silicon
has long been known, with one of the first studies carried out by Veprek and
Marecek;1 this study also happened to be the first to demonstrate
microcrystalline silicon growth.  In this study they demonstrated transport of Si
and Ge by means of a hydrogen plasma, speculating that the transport occurred
through the formation of volatile hydride species.  Twenty years later, direct
measurements by Abrefah and Olander2 showed that the predominant species
created by atomic hydrogen etching of crystalline silicon is SiH4.  They further
demonstrated that the etch rate, specifically of Si(111), shows an inverse
dependence on temperature; at substrate temperatures below 1000 K, however,
the etching probabilities of Si(111) and Si(100) were shown to be identical.
These results suggest that it is possible to grow silicon films by first etching a
cooled silicon target to produce SiH4, then decomposing this SiH4 on a hot
filament, followed by deposition of the decomposition products onto a heated
silicon substrate.  Such a process was recently demonstrated by Masuda et al.,3
referring to it as “Catalytic Chemical Sputtering.”  In their study, they used a
Si(100) substrate as the target material and deposited onto a variety of substrates,
including Si(100), Si(100) with a variable thermal oxide thickness, and fused-
quartz having a silicon seed layer.
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If such a technique could be suitably optimized, it would have the potential to
replace the hazardous and costly usage of SiH4 gas.  In addition, there exists the
possibility of using less refined materials such as solar-grade silicon (obtained as
a by-product from the semiconductor industry for use in solar cells) and
metallurgical-grade silicon (produced by the reduction of silica, with
approximately 1.5 atomic % metal impurities) as etching targets.  It has not yet
been demonstrated, however, whether selective etching of the silicon occurs over
the alkali and transition metal impurities.  Should selective etching be
demonstrated, the technique could prove revolutionary to both the photovoltaic
and semiconductor industries.
6.2 Experiment
With the initial promising results of Masuda et al.3 (from this point forward
referred to just as Masuda or the Masuda study), a design similar to theirs was
implemented, as illustrated in Figure 1.  The idea was to both verify their results,
and explore other areas of the parameter space (e.g., pressure, flow rate) in order
to optimize the target etch rate and the resulting net growth rate.  This design
differs from the standard hot-wire reactor setup only in the addition of a water-
cooled block to keep the source material (Si(100) in this case) under 100oC; the
temperature was measured by a thermocouple bonded to the Si substrate with
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Figure 1.  Schematic of in situ silane generation source.
conductive silver paint.  Hydrogen gas is introduced through 0.25 inch stainless
steel tubing into the reactor (pressures between 50-200 mTorr, flow rates between
10-80 sccm) where it is decomposed into atomic H on a tungsten filament held
between 1800oC-2000oC.  This atomic H diffuses to the heated substrate as well as
the cooled target, placed equidistant from the filament.  It should be noted that
the reactor walls were etched with atomic hydrogen (conditions of 200 mTorr H2,
wire temperature of 2100oC, time period ~ 12 hours) prior to experiments to
water cooling
lines
hot filament
cooled Si target
T<100oC
filament
substrate heater
3-4 cm
3-4 cm
substrate (Si, Ge),
T ~ 400oC
gas inlet, H2
thermocouple
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remove previously deposited amorphous silicon; by doing this, it could be
insured that the cooled target was the sole source of the SiH4 generated in the
chamber.
Provided a large enough temperature gradient is maintained, the net etching
rate at the cooled target should exceed that at the heated substrate.  Masuda
reported a H etching rate of 230 nm/min at 80oC, dropping to 0.6 nm/min at
420oC.  This high etching rate at lowered temperatures generates SiH4 that may
diffuse from the cold target to the hot filament, decomposing primarily to Si
(section 2.3.1) that subsequently diffuses to and deposits on the heated substrate.
Under these conditions, Masuda reported a net growth rate of 1.6 Å/s (~ 0.01
µm/min).
6.3 Results
Initial film growth experiments used the same conditions as in the Masuda
study.  A hydrogen pressure of 100 mTorr, at a flow rate of 10 sccm, was used.
The substrate was maintained at 400oC and the Si(100) target below 100oC.  Both
Si(100) and Ge(100) were used as deposition substrates, the latter to enable
relatively thin films to be detected by ellipsometry (based on the differing indices
of refraction).  Substrates went through a standard surface preparation consisting
of 1) sonication in acetone/methanol for 10 minutes each to degrease the
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substrates, 2) UV-ozone treatment for 10 minutes to remove residual
hydrocarbons, and 3) dip in 5% hydrofluoric acid (in H2O) to remove the
thermally-grown oxide and to H-terminate the surface.  These conditions were
unsuccessful in producing films of measurable (by use of a stylus profilometer,
with a resolution of ~ 50 Å) thickness on Si(100) substrates.  For the Ge(100)
substrate, a fairly regular array of etch pits was created on the surface, as can be
seen in Figure 2.  These features are attributed to anisotropic etching by H.  The
particular case illustrated was for a total exposure time of 80 minutes.  The
possibility that contaminants may have built up on the substrates during their
transfer to the reactor (e.g., native oxide regrowth, hydrocarbons) was
considered.  In this case, there would be an incubation time (before the onset of
film growth) associated with its removal.  Indeed, in the Masuda study, an
incubation time of 1 hour was observed for substrates having a 55 nm thermal
oxide.  Exposure times of up to 15 hours were used, which would have been
more than adequate to remove a possible contamination layer.  As before,
however, immeasurably thin films on Si(100) and etch pits on Ge(100) were
obtained.
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Figure 2.  Optical micrograph of etch pits created on Ge(100)
substrate during exposure to atomic H for a period of 80 minutes;
feed gas conditions were 100 mTorr/10 sccm of H2.
A more direct method of etch rate determination that avoids the potential
problems of surface contamination involves the use of a quartz crystal deposition
monitor (Inficon XTC/2, East Syracuse, New York).  This monitor was used in
the reactor, placed at a distance from the wire comparable to that of the target (3-
4 cm).  A thick (~ 100 nm) a-Si film was deposited onto the water-cooled monitor
(with a temperature < 100oC, from previous thermocouple measurements) using
standard hot-wire conditions (100 mTorr of 1% SiH4 in He mixture at 13 sccm) to
provide a sacrificial layer for subsequent etch rate determinations.  Given the
20 µm
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faster etch rate of amorphous versus crystalline silicon (Otobe et al.4 report a
difference of one order of magnitude), the determined etch rates represent an
upper bound to that which would be expected from the crystalline silicon targets
previously used.
After the a-Si deposition took place, H2 was introduced into the reactor
Figure 3.  Transition from deposition to etching that occurs upon
H2-dilution.
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(keeping the background SiH4) incrementally, creating a progressively more H2-
diluted SiH4 mixture; H2 flow rates were up to 20 sccm at 150 mTorr partial
pressure (150:1 dilution).  The effects of this dilution can be seen in Figure 3.  A
transition from deposition to etching is observed at a dilution of 80:1.  The gas
ambient for dilution ratios of 100 and higher is taken to be representative of that
in the Masuda study, namely, a highly H2-diluted SiH4 mixture (with the trace
SiH4 generated by atomic H etching); Masuda’s reported net growth rate at the
heated substrate of 1.6 Å/s (10 nm/min) is consistent with a SiH4 partial
pressure of a few mTorr, as is the case here (0.67 Å/s or 4.0 nm/min at a SiH4
pressure of 1 mTorr).  Figure 3 shows that the etch rate ranges from 0.9-2.5
nm/min as the dilution increases from 100:1 to 150:1.
With knowledge of the a-Si etch rate, another film growth experiment was
carried out (removing the quartz crystal monitor).  In this case, an a-Si layer (~
100 nm thickness)  was deposited onto the cooled c-Si target.  Subsequent etching
was carried out at a similar pressure of 146 mTorr H2, but a higher flow rate of 80
sccm; the higher flow rate was motivated by the results of Wanka et al.,5
suggesting an increase in etch rate by a factor of 4 by increasing the flow rate
from 20 sccm to 80 sccm.  A Ge(100) substrate was used for subsequent
ellipsometry measurement of the film thickness and index.  Similar target and
substrate temperatures were used as before (Ttarget<100oC, Tsub=400oC), and the
exposure time was 1.5 hours.  In this case, a measurable film of 50 nm thickness
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was obtained.  Its measured index of refraction of 3.9 is consistent with that of
crystalline silicon (whether µc-Si or poly-Si is uncertain).  Subsequent attempts at
film growth under these high flow rate conditions using a c-Si target were
unsuccessful, however.
6.4 Discussion
The amorphous etch rates (0.9-2.5 nm/min) obtained by the quartz crystal
measurements are well below that reported by Masuda for crystalline Si (50-230
nm/min for Tsub = 100-150oC) in a similar temperature regime.  If it is assumed
that the c-Si etch rate for our experiment is at least one order of magnitude lower
than that for a-Si (i.e., 0.25 nm/min), as suggested by Otobe,4 this results in the
removal of 225 nm of material over the span of 15 hours (the maximum H-
exposure time used).  If it is further assumed that the yield (defined here as the
ratio of the net growth rate at the substrate to the etch rate at the target) for this
process is 4% (the Masuda value), the resulting film thickness is 9 nm.  This
thickness is consistent with the present results obtained for c-Si target etching,
and is near the resolution limit of the profilometer used for thickness
determination.  The higher etch rates expected for a-Si consequently led to a
measurably thick film of 50 nm after only 1.5 hours.  For an assumed yield of 4%,
a higher amorphous etch rate of 14 nm/min (as compared with the quartz crystal
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measurement of 2.5 nm/min) would be calculated; this difference may be
accounted for, however, by variation between the quartz crystal temperature and
that of the target substrate.
Considering the discrepancy between the present results and those of
Masuda, it is useful at this point to place these results in the context of previous
studies of H etching (by plasma, hot-wire, or other methods) of amorphous and
crystalline Si.  Results of Otobe et al.,4 using a very high frequency (VHF) plasma
system, show that the c-Si etch rate is insensitive to temperature over a range
from 100oC-300oC, while a-Si shows a factor of 4 reduction in etch rate over the
same range.  The conditions of these experiments are not significantly different
from those of the present study, namely an H2 pressure of 200 mTorr and a flow
rate of 54 sccm.  The absolute etching rates obtained were 3 nm/min (3x10-3
µm/min) for a-Si and 0.3 nm/min (3x10-4 µm/min) for c-Si.  The a-Si etch rate
obtained by Otobe is comparable to the quartz crystal measurements previously
described, but that for c-Si is several orders of magnitude less than reported by
Masuda.
Results of Wanka5 show relatively high etch rates of up to 160 nm/min (0.16
µm/min) for a-Si (for 150 mTorr H2, 80 sccm, and Tsub = 25oC), dropping only to
100 nm/min (0.1 µm/min) at the highest substrate temperature (400oC).
Unpublished results by Fontcuberta i Morral6 reveal negligible etch rates for µc-
Si, rates of up to 6 nm/min (0.006 µm/min) for a-Si, with a variation of only 15%
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for temperatures between 100oC-250oC; these results were obtained for an H2
pressure of approximately 1 Torr under low power plasma conditions.
Table 1 summarizes the results of the present studies along with those previously
mentioned.  Absolute etching rates for a-Si range from 0.3 nm/min up to 160
nm/min, the differences due perhaps to target temperature variations and/or
intrinsic differences between the techniques used (i.e., higher degree of H2
dissociation and thus higher H-flux).  The majority of results for µc-Si and c-Si
reveal small or negligible etching rates when compared with a-Si under similar
conditions.  The two exceptions are the Masuda results and those of Abrefah and
Olander.2  However, the latter involves molecular beam etching where the
incident H flux could be expected to differ from that in a plasma or hot-wire
system, and the etch rate cited was extrapolated from low pressure data (~10-4
Torr); it is not clear that the etch rate should be linear in pressure over several
orders of magnitude, considering the multiple competing processes that are
taking place (e.g., bulk diffusion, H2 recombination).
Why the Masuda results differ so substantially from the majority of results in
the literature is unclear.  The picture that emerges from these results, however, is
that it is difficult to obtain selective etching and growth by a process similar to
ours at high rates; a temperature gradient between the target and substrate alone
does not seem adequate.  Thus, another process must be devised that separates
out the etching and deposition steps, as it is clear that the optimal conditions for
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      Table 1.  Comparison of etch rates for amorphous and
crystalline silicon – (100), unless otherwise noted.  Pressures and
flow rates are those of pure hydrogen.  The etch rate for Holt et al.
(a-Si) was calculated based on the resultant growth rate, assuming
a 4% yield.  Abrefah et al.2 calculate the etching rate reported in this
table by extrapolating data from ~10-4 Torr.
Author/
Technique
Material P (mTorr) Q (sccm) Tsubstr (oC) Etch rate
(µm/min)
Otobe et al.4/
VHF plasma
5W/144 MHz
a-Si 200 54 150 3.0x10-3
Same c-Si 200 54 150 3.0x10-4
present author/
hot-wire
(film growth)
a-Si 146 80 <100 ~0.014calculated
Same
(film growth) c-Si
100
150
10
80
100
100
< 10-5
< 10-5
Same
(quartz crystal) a-Si 150 20 <100 2.5x10
-3
Fontcuberta i
Morral6/ low P
plasma
a-Si 1000 140 100 6.0x10-3
Same µc-Si 1000 140 100 Negligible
Wanka et al.5/
hot-wire a-Si 150 80 400 0.1
Same a-Si 150 80 25 0.16
Same a-Si 150 20 400 0.03
Masuda et al.3/
hot-wire c-Si 100 10 80 0.25
Abrefah et al.2/
molecular beam c-Si(111) 100 n/a 25
4.0
from low P
data
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H-etching are substantially different from those for high rate growth.
Specifically, a high flux atomic H source is needed (by hot-filament or plasma
methods) that can be directed at the target material.  The degree of H2
dissociation in this source should be as high as possible to insure that the
residual H2 pressure in the chamber is as low as possible.  The smaller the H2
pressure in the chamber, the lower will be the H flux from the wire to the heated
substrate, thus reducing the amount of competitive etching.  After high rate
etching is achieved, the etch products (SiH4) would be subsequently decomposed
by a hot filament placed near the heated substrate.  The schematic of this process
would differ from Figure 1 only in the addition of this atomic H source placed in
close proximity (< 1 cm) to the cooled target.
6.5 Conclusions
Etching of cooled crystalline silicon substrates was negligible under a variety
of pressures and flow rates explored with hot-wire chemical vapor deposition.
The vast majority of other reports from the literature also suggest negligible
etching of crystalline silicon under similar conditions, albeit with different
techniques.  Direct etching rate determination using a water-cooled quartz
crystal monitor revealed a-Si etch rates of up to 2.5 nm/min at a H2 to SiH4
dilution of 150:1.  Then, using an a-Si layer deposited onto a cooled Si(100)
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substrate as a target, a net growth rate of 0.6 nm/min onto a heated Ge(100)
substrate was obtained, with a calculated etch rate of ~ 14 nm/min; the index of
refraction was consistent with crystalline silicon.
Coupled with the present experimental observations and those in the
literature, it appears that a single hot filament is inadequate to selectively etch a
cooled c-Si target with H atoms and concurrently decompose those etch products
and deposit onto a heated substrate at high rates.  This may be due to both the
negligible etch rate at the cooled target and competitive etching at the heated
substrate.  A number of results in the literature suggest c-Si etch rates are
relatively insensitive to temperature, in contrast to results presented by Masuda.
As a result, a high flux pure atomic H source (e.g., one produced by a hot
filament or microwave plasma) directed at the target substrate is proposed as an
addition to the present design.  This may enable the use of c-Si (and potentially
less refined polycrystalline material such as metallurgical silicon) as a target
material, with potentially higher etching rates and higher net deposition rates
onto the substrate than obtained with the current design.
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Chapter 7 Conclusions and Future Work
7.1 Wire Surface Kinetics
Atomic Si was determined to be the predominant radical species desorbed
from a new tungsten filament at temperatures above 1500 K.  A strong
dependence of the radical desorption kinetics on the history of the tungsten
filament was observed.  While new filaments show an 8 kcal/mole apparent
activation energy for SiH3 desorption, an aged filament shows a value of 110
kcal/mole, suggesting it no longer acts as a catalyst.  Chemical analysis of aged
wires show surface Si concentrations as high as 15 atomic %, with interior
concentrations of approximately 2 atomic %.  These results suggest that careful
attention must be paid both to the temperature and silane exposure time
experienced by the filament.  If silicide formation can be suppressed, the silane
decomposition rate, and consequently film growth rate, will be optimized.
Future studies could focus on other filament materials such as tantalum,
molybdenum, and iridium.  Some of these materials may prove superior because
of the absence of a stable silicide phase under typical hot-wire conditions.  These
materials may also retain their ductility after high temperature annealing,
reducing the likelihood of premature wire breakage that is a common problem
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with the hot-wire process.  Another interesting filament material from the
standpoint of chemical resistivity and high temperature operation is graphite.
Graphite is believed to be chemically inert, not reacting with precursor gases like
silane or germane, thus reducing the likelihood of embrittlement that occurs with
metallic filaments.1  Its high melting temperature and chemical stability is also
believed to result in less film contamination.1  What has not been established,
however, is whether graphite catalyzes the decomposition reaction of silane and
other precursor gases.
7.2 Gas-Phase Experiments
The average residence time of stable gas species (i.e., Ar) was determined to
be of order 10 seconds for representative hot-wire CVD film growth conditions
(~ 200 mTorr dilute (1%) SiH4).  Subsequent stirred tank reactor calculations
predict the onset of agglomerate (SixHy, x > 1) formation for residence times
greater than 10 seconds under these conditions, with the onset shifting to smaller
times as the pressure increases.  The radical SiH2 was detected in large quantities
relative to other species in the hot-wire reactor; however, this was attributed to
heterogeneous pyrolysis on the walls.  Ions were detected in only trace quantities
(< 0.1%) relative to radical species in the hot-wire reactor.  Disilicon species
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(principally Si2, Si2H, and Si2H6) were also trace in abundance (~ 1%) relative to
radical species.
A number of directions can be defined for future studies.  Safety
considerations dictated the use of He-diluted silane in these studies, but the
majority of researchers in the hot-wire field use pure silane (occasionally with
some H2-dilution).  The distribution of gas species could be different, and the
onset of gas-phase chemistry will be at lower pressures in such an environment.
To detect silane agglomerates produced at high pressures, a higher mass range
spectrometer (up to 1000 amu) is needed, as well as multiple stages of pumping
to insure that the base pressure remains low enough for operation of the electron
multiplier (< 10-5 Torr).  Careful design of the sampling orifices (preferably, a
conical geometry) at each stage is also an important consideration if radical
sensitivity is to be optimized; the sensitivity for radical detection with the system
used in the present studies was compromised by the use of a flat pinhole orifice.
With such improvements, direct measurements of silane agglomerates might be
possible, and this data would be useful to validate a number of silane pyrolysis
mechanisms proposed in the literature.2,3
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7.3 Computations and Simulations of Gas-Phase
Processes
An energetically feasible pathway for the reaction of Si and SiH4 was
proposed, involving the formation of Si2H2 and H2.  Uncertain is the rate of an
intermediate spin-state transition, however, which remains an area for future
investigation.  The radical SiH3 was predicted by direct particle simulations to be
largest in abundance for conditions producing both amorphous and
polycrystalline films in experiments.  The H flux appears to be the most
significant in dictating the amorphous-to-microcrystalline transition that occurs
upon H2-dilution.  Two-dimensional DSMC simulations reveal that wire arrays
can be used to improve film growth uniformity.  For conditions where disilicon
species formation is to be suppressed, continuum simulations predict maximum
growth rates of 10 nm/s for dilute (1%) silane conditions and 50 nm/s for pure
silane.  Again, experimental data to validate some of these model predictions (by
mass spectrometry, quartz crystal growth rate measurements) would be a useful
complement.
Regarding the Si2H2 radical, a recent study has investigated the decay kinetics
of this species, produced by photolysis of Si2H6 in this study.4  A lower limit to
its self-reaction was determined (1.7 x 10-10 cm3/s), and it was determined to be
unreactive towards closed-shell non-polar molecules (e.g., SiH4, Si2H6).
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Uncertain still, however, is the loss rate of this species at the (amorphous silicon-
coated) walls.  Also, direct measurements of this species in ambients of interest to
hot-wire CVD of silicon (pure or dilute SiH4), where the main production route is
probably through reaction of Si and SiH4, are lacking.  Measurements must
typically infer the kinetics of this reaction through analysis of the decay rate of Si,
although the myriad of other decay routes (other than through SiH4) make this
method questionable.  Additional ab-inito and kinetic calculations to complement
the work started in this thesis (specifically, examining the kinetics of the spin-
state transition of the intermediate H3SiSiH) might be the only feasible way to
address this problem.
7.4 HWCVD of Silicon Nitride
Silicon nitride films were produced with refractive indices ranging from 1.8-
2.5 and hydrogen content from 9-18 atomic %, making them suitable for
antireflection/passivation coating applications.  A transition in the hydrogen
bonding from predominantly N-H to Si-H was observed as the SiH4/NH3 flow
ratio was increased from 1% to 8%.  Differences in H-release kinetics were
observed for the two types of H-bonding, consistent with experimental results
from the literature.  In platinum-diffused silicon substrates capped by a
hydrogenated nitride layer, platinum-hydrogen complexes (at a concentration of
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1014 cm-3) were observed in the bulk silicon after annealing treatments similar to
those for which hydrogen loss was observed in the nitride layer; this constitutes
the first such demonstration of H-passivation of bulk Si due to H-release from a
silicon nitride layer.  Also, photovoltaic cells with hot-wire nitride layers
exhibited similar electrical properties to those produced with plasma nitride
layers.
The present work on defect hydrogenation represents a first attempt at
studying this effect directly.  Previous studies have only inferred that defect
hydrogenation was taking place based on improvements in minority carrier
lifetime.  The next steps in this study involve methods to increase the
hydrogenation of the underlying bulk Si.  One method involves Al-alloying the
back side of the sample to inject vacancies that can both increase the atomic H
solubility in the bulk Si, as well as assist in the dissociation of H2 molecules.5
Another possibility to increase H-incorporation into the bulk Si (and reduce out-
diffusion to the ambient) is to perform a forming gas (N2 + H2) anneal.  This has
the effect of reducing the chemical potential gradient of H2 between the nitride
layer and the surroundings, allowing a larger fraction of H2 to diffuse into the Si.
This forming gas anneal has resulted in noticeable improvements in efficiency (as
compared with a pure N2 anneal) for Al-alloyed ribbon Si cells.6  Coupled with
methods for increasing the extent of Si hydrogenation, minority carrier lifetime
measurements should also be performed that can directly correlate lifetime
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improvement with defect hydrogenation.  At present, it remains uncertain the
extent to which the 1014 cm-3 level of Pt hydrogenation achieved in these studies
would improve the lifetime.
The work involving deposition onto string ribbon Si substrates is in its initial
stages and there are a number of experiments remaining to be performed.  First,
film uniformity could be improved with the use of a larger array of filaments.
Whether improvements in film uniformity will make for significant
improvements in cell electrical properties remains to be seen.  Another area for
future investigation involves the type of annealing treatment used – time and
temperature.  Samples produced in this study were subjected to a so-called “slow
firing” anneal (peak temperature of 700oC with a peak dwell time of 30 seconds).
Results of Yelundur et al.,7 however, suggest that a “spike firing” anneal (higher
peak temperature for a shorter dwell time) can result in significant
improvements in the cell efficiency.  The key to effective passivation is to have a
high enough temperature to release as much hydrogen from the nitride layer as
possible, while keeping the dwell time sufficiently short so as not to thermally
dissociate the defect-hydrogen complexes that form.
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7.5 In situ Silane Generation by Hot-Wire Atomic
Hydrogen Etching of Solid Silicon Sources
Hot-wire-produced atomic hydrogen etching of cooled (T ~ 100oC) crystalline
silicon substrates was negligible under a variety of pressures and flow rates.
These results were in general agreement with the majority of reports in the
literature, using a number of different techniques.  Etch rates of up to 2.5
nm/min were measured for amorphous silicon at a temperature of
approximately 100oC (150 mTorr H2, 20 sccm).  Using this amorphous silicon film
as the target source material, a net Si growth rate of 0.6 nm/min was obtained on
a heated (400oC) Ge substrate.
As outlined in section 6.4, effective H etching of crystalline Si (whether Si(100)
or a polycrystalline material like metallurgical Si) is only likely to be achieved
with the use of a high flux pure atomic H source.  Competitive etching at the
heated substrate is likely the cause for the negligible growth rates observed when
using crystalline Si targets.  With the use of this high flux H source, subsequent
experiments can evaluate the possibility of refining metallurgical silicon.  Even if
only a modest degree of refining is exhibited, the resultant films may be suitable
for photovoltaic applications.  The silicon nitride work of section 5 has shown
that metal impurity hydrogenation is possible, and this could enable the use of
relatively “metal-rich” films in photovoltaic devices.
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Appendix A HWCVD Chamber Pictures
and Design Considerations
This appendix serves to provide more detailed information about the hot-
wire reactor, along with a discussion of design considerations implemented in a
newer system.  Figure 1 is a photo of the reactor taken from the front, indicating
Figure 1.  Front view of the hot-wire reactor.
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the important features.  A series of three mass flow controllers are used to
introduce the precursor gases (1% SiH4 in He, NH3, and H2).  A capacitance
manometer is used to monitor pressures in the range from 1 mTorr – 20 Torr,
while an ion gauge is used for pressures below 1 mTorr.  A DC power supply is
used for resistive heating of the wires used in the reactor.  Samples are
introduced through the load lock (antechamber) illustrated and isolated from the
main vacuum chamber by use of the gate valve.  A RHEED gun can be used for
monitoring the crystallinity of substrates and/or films in situ prior to and after
growth, although this technique was not used for the work presented in this
thesis.  A viewport at the top of the chamber allows one to monitor samples as
they are mounted on the substrate heater or during film growth.
Figure 2 is a photo of the chamber, taken from the rear.  Visible from this
angle are the substrate heater, main chamber butterfly valve (used to control the
effective pumping speed), and linear motion feedthrough (used to translate the
wire near the substrate during film growth).  The gas inlet is also shown in
Figure 2, consisting of a 0.25 inch stainless steel tube directed onto the filament(s)
in the interior of the chamber.  Figure 3 is a top view image through the viewport
of the chamber with the wire on.  For growth onto small-area samples (< 10 cm2),
a single filament of 12 cm length (0.5 mm diameter) is used and held in place by
the assembly shown; the wire is oriented normal to the plane of the viewport in
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Figure 2.  Rear view of the hot-wire reactor.
this photo.  Ceramic standoffs are used to hold the DC power leads in place and
electrically isolate the wire from the assembly.
For growth onto large-area samples (~ 100 cm2), a filament array was
constructed, shown in Figure 4.  The array consists of a single 0.25 mm diameter
tungsten filament strung in a “zig-zag” manner between 10 ceramic standoffs,
spaced 20 cm in the long direction and 2 cm in the short direction.  The
maximum spacing between filament strands was approximately 2 cm (and a
minimum of 1 cm).  On the basis of results by Ledermann et al.,1 as well as DSMC
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Figure 3.  Top view of the hot-wire reactor through the viewport,
with the wire on.  The wire is oriented normal to the plane of the
photo.
simulations in section 4.2.1, the filament array to substrate distance was fixed at 5
cm to prevent non-uniformity associated with the filament spacing; the criterion
is that the wire spacing should be no larger than twice the filament-to-substrate
distance.  For a size comparison, the String Ribbon substrate (15 cm x 8 cm) that
was used for deposition with this array is also shown in Figure 4.
A persistent problem with the hot-wire technique is the heat loss that occurs
at the ends of the filaments, resulting in embrittlement (due to silicide formation,
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Figure 4.  Wire array used for growth onto large area (> 100 cm2)
samples.
section 2.4) and eventual breakage.  A method to combat this problem was
developed by the group at ANELVA Corporation in Japan, in collaboration with
the Japan Advanced Institute of Science and Technology (JAIST), for a 1 m2
deposition system.2  Their design consists of a combined showerhead-catalyzer
unit, illustrated in Figure 5.  For 1 m2 deposition, uniform distribution of the
precursor gases around the filament array becomes critical (for the relatively
small area samples used in this work, 100 cm2, a single gas tube sufficed).  The
idea behind the design is to use a series of shorter filaments, centered around a
ceramic
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Figure 5.  Schematic of showerhead-catalyzer assembly developed
by the ANELVA/JAIST group.  Adapted from Matsumura.3
shower plate through which the SiH4 is introduced, with the terminal regions
separated from the flow of SiH4 gas by tubes through which a purge gas (e.g.,
H2) may flow.  Even in the absence of a purge gas, it was demonstrated2 that
silicide formation could be suppressed, presumably because the SiH4 gas was
decomposed and products deposited onto the interior walls of the purge gas
tube before it could reach the cold ends near the terminals.  In cases where a
purge gas can be tolerated or is in fact desired during deposition (e.g., H2 during
microcrystalline growth), SiH4 decomposition inside the tube could be
suppressed entirely.  For large-area (~ 1 m2) deposition where filament breakage
purge gas tubes
shower plates
(SiH4 gas)
wire/catalyzer
showerhead/catalyzer
assembly
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and replacement leads to significant downtime in the process, the
aforementioned designs are a critical step forward in the industrialization of the
hot-wire technique.
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Appendix B Wire, Substrate, and Gas-Phase
Reactions Used in Modeling
Studies
Tables 1 and 2 provide a summary of the relevant wire and substrate
reactions used in both the DSMC and Continuum models.  References are
Table 1.  Assumed irreversible wire reactions, along with reaction
probabilities.
      Wire Reaction Probability
(1)  SiH4 → Si + 4H 0.7
(2)  H2  → 2H 0.14
Table 2.  Assumed irreversible surface reactions, along with
reaction probabilities.  H(s) represents a hydrogenated surface site,
--(s) represents an open site, Si(s) is a silicon atom that has been
incorporated into the film, and SiH3(s) is a tri-hydride surface site.
      Surface Reaction Probability
(1)  H + H(s) → (1/2)H2 + H(s) 1.0
(2)  SiHx + H(s) → Si(s) + H(s) + (x/2)H2, 0 ≤ x ≤2 0.7
(3)  Sin + H(s) → nSi(s) + H(s) 0.7
(4)  SiH3 + H(s) → SiH4 + --(s) 0.1
(5)  SiH3 + H(s) → Si(s) + H(s) + (3/2)H2 0.18
(6)  H2 + --(s) → H(s) + (1/2)H2 1.0
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provided in section 4.2.1.  It is worth noting here that the DSMC code handles
non-integral amounts of H2 by using a counter to keep track of the total.  Once an
integral amount is accumulated (e.g., 2 X (3/2) H2 = 3 H2), the H2 molecules are
reintroduced into the gas-phase; this insures an H-balance in the gas-phase.
Table 3 provides a complete list of all 19 reversible gas-phase reactions used
Table 3.  Gas-phase reactions used in the DSMC simulation.  The
rate constant is given by: k = ATnexp(-Ea/RT).  Reactions (1)-(10)
constitute the bimolecular portion of the mechanism, while
reactions (11)-(19) are the remaining reactions that require a third
body, denoted by (+M).
Reaction A (cm3/mole-s) n Ea (cal/mole)
(1)  SiH4 + H = SiH3 + H2 7.8E14 0.0 4491
(2)  SiH4 + SiH2 =  H3SiSiH + H2 1.3E13 0.0 0
(3)  SiH2 + SiH2 = Si2H2 + H2 6.5E14 0.0 0
(4)  SiH + H2 = SiH2 + H 4.8E14 0.0 23640
(5)  SiH + SiH4 = H3SiSiH + H 1.6E14 0.0 0
(6)  Si + H2 = SiH + H 1.5E15 0.0 31800
(7)  Si + SiH4 = Si2H2 + H2 4.0E14 0.0 0
(8)  SiH3 + SiH3 = SiH2 + SiH4 6.3E13 0.0 0
(9)  SiH3 + SiH3 = H2 + H3SiSiH 7.0E12 0.0 0
(10) Si + Si2H6 = SiH2 + H3SiSiH 1.3E15 0.0 12600
(11) SiH4 (+M) = SiH2 + H2 (+M) 3.1E09 1.67 54710
(12) Si2H2 (+M) = Si2 + H2 (+M) 3.1E09 1.67 54710
(13) H3SiSiH (+M) = H2SiSiH2 (+M) 2.5E13 -0.22 5381
(14)  Si3H8 (+M) = SiH4 + H3SiSiH (+M) 3.7E12 0.99 50850
(15) Si3H8 (+M) = SiH2 + Si2H6 (+M) 7.0E12 0.97 52677
(16) Si2H6 (+M) = H2 + H3SiSiH (+M) 9.1E9 1.83 54197
(17) Si2H6 (+M) = SiH4 + SiH2 (+M) 1.8E10 1.75 50203
(18) H3SiSiH (+M) = Si + SiH4 (+M) 1.4E13 0.54 57548
(19) Si + Si (+M) = Si2 (+M) 2.5E16 0.0 1178
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in the original mechanism.  The reactions involving atomic H come from the data
of Woiki et al.,1 while the other reactions (except (12)) are from the silane
pyrolysis mechanism of Ho et al.2  The kinetics of reaction (12) were estimated,
by analogy with the unimolecular decomposition reaction of SiH4 (reaction (11)).
In DSMC simulations, the inclusion of additional species and gas-phase reactions
has a computational penalty associated with it.  Additional particles must be
added to the simulation if trace species are to be resolved, and the computation
timescales in proportion with the number of particles.  Thus, if the number of
reactions can be reduced and particular species eliminated from the mechanism,
a significant savings in simulation run-time can be achieved.
For typical hot-wire CVD conditions, where the total pressure is under 300
mTorr, with SiH4 partial pressures under 30 mTorr, only bimolecular reactions
are important.3  The gas collision rate is too low for stabilization of 3-body
reactions or for unimolecular decomposition to take place at a significant rate.  In
this case, only reactions (1)-(10) in Table 3 need to be included in the simulation
mechanism.  At even lower pressures, particularly for the dilute (1%) SiH4
conditions used in the experiments of this thesis, the direct reactions of Si and H
with SiH4 were found to be the most important reactions ((1) and (7)).  In this
case, a typical DSMC simulation requires about 100,000 particles and takes only a
few hours to achieve an acceptably low level of statistical scatter; this contrasts
with the 1,000,000 particles and tens of hours that would be required for a
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simulation employing the entire bimolecular mechanism.  Of course, there is
relatively little computational penalty associated with including the entire
mechanism in continuum simulations, and thus, all 19 reactions are used in that
case.
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